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Preface 


Seven-membered rings are featured in three of the chapters of the present 
volume, namely, the benzazepines (S. Kasparek), 1,5-benzodiazepines 
(D. M. G. Lloyd and H. P. Cleghorn), and 2,3-dihydro-l,4-diazepines 
(D. M. G. Lloyd, H. P. Cleghorn, and D. R. Marshall). Recent advances in 
oxazole chemistry are described by R. Lakhan and B. Ternai, and H.-J. 
Timpe surveys the heteroaromatic iV-imines. The final chapter is a review 
of aromaticity (M. J. Cook, A. R. Katritzky, and P. Linda), and it con¬ 
centrates on the heterocyclic aspects of this controversial subject. 

A. R. Katritzky 
A. J. Boulton 
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I. Introduction 

Diazepines were reviewed in a previous volume in this series in 1967, 1 
in a chapter which dealt with the whole range of diazepines. The present 
chapter and the succeeding one in this volume deal with two particular 
classes of diazepines, the 2,3-dihydro- and 2,3-benzo-l ,4-diazepines. 
The literature is covered to the end of 1972, with some later references. 

The first example of a 2,3-dihydro-l ,4-diazepine was prepared in 1940, 2 
although a compound had been described 3 previously as a dihydrodiazepine 
but, from its melting point, now appears to have been an alternative 
acyclic product. In recent years their chemistry has been studied ex¬ 
tensively, particularly because of their chemical resemblance to benzenoid 
compounds and their quasi-aromatic 4 5 or meneidic 5 6 character. Throughout 
this chapter the terms “dihydrodiazepine” and “dihydrodiazepinium” 
are used solely to refer to 2,3-dihydro-l ,4-diazepines (1) and their mono¬ 
cations (2), respectively. Spectroscopic data show that dihydrodiazepines 



(D O) 

normally exist in the conjugated form (1) rather than in the tautomeric 
bisimino form (3). 


II. Preparation of Dihydrodiazepines 

The first diazepine to be prepared, namely the 5,7-dimethyl derivative, 
was obtained by condensation of acetylacetone with ethylenediamine, 2 

1 F. D. Popp and A. C. Noble, Advan. Heterocycl. Chem. 8, 21 (1967). 

3 G. Schwarzenbach and K. Lutz, Helv. Chim. Acta 23, 1139 (1940). 

3 M. A. Rosanova, J. Russ. Phys. Chem. 47, 611 (1915). 

4 D. Lloyd and D. R. Marshall, Chem. Ind. {London), 1760 (1964). 

5 D. Lloyd and D. R. Marshall, in “ “Aromaticity, Pseudo-aromaticity, Anti-aroma¬ 
ticity” ” (E. D. Bergmann and B. Pullman, eds.), p. 85. Israel Acad. Sci. Humanities, 
Jerusalem, 1971. 

• D. Lloyd and D. R. Marshall, Angew. Chem. 84, 447 (1972); Angew. Chem. Int. Ed. 
Engl. 11, 404 (1972). 



Sec. II.] 


2,3-dihydro-I ,4-diazepines 


3 


and the reaction between /3-dicarbonyl compounds and 1,2-diamines has 
remained the commonest method for the preparation of these compounds. 

The original workers 2 had shown that under different conditions an 
alternative product, the bisoxoenamine 4, was formed. Indeed some earlier 
workers 7 had described the formation of only the bisoxoenamine from 
these reactants, while other workers 3 had reported the preparation of the 
diazepine but quoted physical constants which are those of the bis¬ 
oxoenamine. The structures of these alternative open-chain products, 
e.g., 4, as bisoxoenamines rather than as tautomeric diimines, was later 
confirmed by NMR spectroscopy. 8 ' 9 A detailed examination of the reactions 


NH 2 CHjCH 2 NH 2 CH 2 NH CMe =CHCOMe 

+ —*“ I 

Me COCHjCOMe CH,—NH—CMe =CHCOMe 

( 4 ) 

between acetylacetone and frans-1, 2-diaminocyclopentane in aqueous 
solution 10 showed that at room temperature a bisoxoenamine was the 
major product in neutral and mildly alkaline conditions, whereas the 
dihydrodiazepine (or its salt) was the sole product at pH values less 
than 6 or greater than 10. The results are dependent on the (simplified) 
equilibria shown in Eq. (1). Dihydrodiazepines are extremely stable 




(or salt) 


a 


NHj 

NH 2 


CHj(COMe) 2 


( 1 ) 


a NH-CMe=CHCOMe 

NH — CMe=CHCOMe 


compounds over a very wide range of pH and their hydrolysis may be 
ignored save at high alkalinity. Bisoxoenamines, on the other hand, are 
readily hydrolyzed and at all but moderately alkaline pH the hydrolysis 

7 A. Combes, C. R. Acad. Sci. 108, 1252 (1889); A. Combes and C. Combes, Bull. Soc. 
Chim. Fr. 7, 788 (1892); L. Rugheimer, Ber. 47, 2759 (1914). 

• H. A. Staab and F. Vogtle, Chem. Ber. 98, 2681 (1965). 

• D. Lloyd, R. H. McDougall, and D. R. Marshall, J. Chem. Soc. C, 780 (1966). 
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equilibrium is such that this condensation is effectively suppressed, 
leaving formation of the dihydrodiazepine to proceed without competition. 
At moderately alkaline pH, however, the bisoxoenamine is stable and 
furthermore precipitates from solution. Thus its formation competes 
successfully with the alternative reaction and it is the predominant 
product. At higher temperatures the yields of bisoxoenamine drop sharply 
even at the most favored pH values. 10 Almost identical results were 
found in reactions of other alicyclic or aliphatic diamines with acetyl- 
acetone. 11 

In general the preferred method of preparation for most bisoxoenamines 
is by mixing the reactants in methanol or ethanol at room temperature, 9 
while dihydrodiazepines are normally best obtained by heating the 
reactants in acetic acid followed by addition cither of perchloric acid 
to precipitate the dihydrodiazepinium perchlorate or of potassium 
hydroxide to precipitate the dihydrodiazepine base. 9 

Sometimes slight variations in these conditions result in improved 
yields for individual dihydrodiazepines. 12 In particular, when aryl diketones 
are used as reactants, somewhat different reaction conditions may be 
required. 13 ' 14 Thus in the reaction of benzoylacetone with ethylene- 
diamine a bisoxoenamine is the main product over a much wider pH 
range, while in alkaline solution yet another product was formed, namely 
the bisimine derived from ethylenediamine and acetophenone, this 
ketone resulting from hydrolytic cleavage of the diketone. 13 Amended 
conditions were thus required to obtain the best yields of dihydrodiazepine 
in this case 13 and also from other aryl diketones, 14 the differences being 
due to the lower reactivities of aryl-substituted carbonyl groups. 

Dihydrodiazepinium salts can also be prepared by the reaction of 
A-alkyl-, 14 A r ,Af , -dialkyl-, 12 ' 14 ' 15 or N, A r, -diarylethylenediamines 15 ' 16 with 
/3-dialdehydes or /3-diketones. When both the diamine and dicarbonyl 
compounds used are unsymmetric, two isomeric dihydrodiazepines may 
be obtained; thus, for example, A ? -methylethylenediamine and benzoylace¬ 
tone give a mixture of 1,5-dimethyl-7-phenyl- and 1,7-dimethyl-5- 
phenyldiazepines. 14 The acid salt of the bis (IV-methyland) of malondi- 
aldehyde also reacts with N , A'-dimcthylethylenediamine to give a 


10 D. Lloyd and D. R. Marshall, J. Chem. Soc., 2597 (1956). 

11 A. M. Gorringe, D. Lloyd, and D. R. Marshall, unpublished results. 

13 C. Barnett, D. Lloyd, and D. R. Marshall, J. Chem. Soc. B, 1536 (1968). 

13 A. M. Gorringe, D. Lloyd, and D. R. Marshall, J. Chem. Soc. C, 2340 (1967). 

“ A. M. Gorringe, D. Lloyd, and D. R. Marshall, J. Chem. Soc. C, 1081 (1969). 

“ C. Barnett, H. P. Cleghorn, G. E. Cross, D. Lloyd, and D. R. Marshall, 
J. Chem. Soc. C, 93 (1966). 

11 B. Eistert and F. Haupter, Chem. Ber. 93 , 264 (1960). 
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dihydrodiazepinium salt, 16 * while the parent dihydrodiazepinium cation 
may best be prepared by the reaction of the bisanil or, preferably, the 
bis (iV-pheny land) of malondialdehyde with ethylenediamine. 16b 

When condensation of acetylacetone with C,C'-tetramethylethylene- 
diamine was attempted, the only product isolated, in high yield, was the 
acetylacetonate salt of the diamine. 8 

Dihydrodiazepines have also been prepared by methods not involving 
the use of condensation reactions. 

In the first of these methods, the addition of ethylenediaminc to 
buta-1,3-diyne gave a high yield of 5-methyldihydrodiazepine. 17 

In the second method the bisanils of 1,2-diaminocyclopropanes were 
shown to undergo a Cope rearrangement when heated, forming thereby 
2,3-diaryldihydrodiazepines, 18-20 e.g., as in Eq. (2). 



Ar = Ph, p-MeOCjH, , 
p-MeCeH,, 
a-naphthyl 


The reaction sequence in Eq. (3) was proposed. 20 It was further suggested 



that the overall equilibrium is controlled by the equilibrium of the last 


le “- G. Scheibe, J. Heiss, and K. Feldmann, Angew. Ckem. 77, 545 (1965); Angew. Chem. 
Int. Ed. Engl. 4, 525 (1965). 

16b D. Lloyd, H. McNab and D. R. Marshall, Synthesis, 791 (1973). 

17 W. W. Paudler and A. G. Zellar, J. Org. Chem. 34, 999 (1969). 

18 H. A. Staab and F. Vogtle, Tetrahedron Lett. 51 (1965). 

19 H. A. Staab and F. Vogtle, Chem. Ber. 98, 2691 (1965). 

20 H. A. Staab and F. Vogtle, Chem. Ber. 98, 2701 (1965). 
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step, which is shown by all work on dihydrodiazepines to be almost 
entirely on the side of the conjugated form. In support of this it was 
shown 20 that the bisanil of (rarcs-2,3-diamino-1,1-diphenylcyclopropane 
does not rearrange thermally to a dihydrodiazepine. In this case the last 
step is prevented by the presence of two phenyl groups at the 6-position. 

l-Methyl-2-oxodihydrodiazepines have been obtained by dehydroge¬ 
nation of 2,3,6,7-tetrahydrodiazepines with benzoyl peroxide and 
iV-bromosuccinimide. 20a 


III. General Stability of Dihydrodiazepines 

The dihydrodiazepinium monocations (6) are extremely stable. This is 



(5) (6) (7) 


demonstrated by the enormous pH range over which the monocation 
is the predominant species. The p K a values for the equilibria with the 
related bases (5) are about 13—14, 9 21 while spectra of solutions indicate 
the absence of any notable contribution of the dications (7) in 40% 
sulfuric acid; only in >70% sulfuric acid do these dications predominate 
over the monocations. 9 ' 11 

The base strength of the dihydrodiazepines (5) is further shown by the 
fact that when they are kept in solution in chloroform for some hours 
they are converted into the corresponding dihydrodiazepinium chlorides, 
presumably by bringing about elimination of hydrogen chloride from 
the solvent. 9 

The stability of the dihydrodiazepines and, even more, of the dihydro¬ 
diazepinium salts, is due to their delocalized systems of ir-electrons; this 
is especially marked in the monocations where the system is symmetrical. 
Calculations based on p K data suggest a resonance energy of about 19 
kcal mole -1 for these cations. 22 A similar calculation suggests that dihydro¬ 
diazepine bases have 8 kcal mole -1 less resonance energy than the cor- 

20a C. M. Hoffmann and S. R. Safir, J. Med. Chem. 12, 914 (1969); Chem. Abstr. 71, 

79386 (1969). 

31 G. Schwarzenbach and K. Lutz, Helv. Chim. Acta 23, 1162 (1940). 

23 D. Lloyd and D. R. Marshall, Chem. Ind. {London), 335 (1972). 
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responding cations (in accord with the asymmetry of the conjugated 
system in the bases). This, however, still leaves a resonance energy of 
perhaps 10-12 kcal mole -1 for the conjugated base structure 1, accounting 
for the preference of this structure over the nonconjugated bisimine 
structure (3). 

This stability is also reflected in their chemical behavior. The electronic 
system resists breakdown and, to use Armit and Robinson’s classic phrase, 23 
shows a great tendency to retain the type. This is particularly reflected 
in the way that these compounds undergo substitution rather than additive 
or destructive reactions and is discussed further in Section VIII. 

Attempts have been made to dehydrogenate dihydrodiazepines or their 
salts using a variety of methods, but the dihydrodiazepines (or their 
salts) were recovered unchanged. 9 ' 24 

Solutions containing only the dihydrodiazepinium monocations (6) 
are unaffected by aqueous permanganate, even after several days, but 
solutions in either strong acid or alkali, which contain appreciable con¬ 
centrations of, respectively, the dications or free bases, decolorize per¬ 
manganate solutions fairly rapidly. 

Catalytic reduction of a dihydrodiazepine over a prereduced platinum 
oxide catalyst in aqueous acetic acid has been reported. 17 

N , iV'-Unsubstituted dihydrodiazepines and their salts resist hydrolytic 
cleavage over a wide range of pH values and are normally only hydrolyzed 
at very high or very low pH. 10 With aqueous sodium hydroxide and 
benzoyl chloride cleavage ensues and dibenzoylethylenediamine is formed. 9 
The presence of a substituent group at the 6-position seems to make 
hydrolysis take place more easily. For example, 6-methyl-substituted 
dihydrodiazepinium salts are slowly hydrolyzed when kept in dilute 
sulfuric acid for some days 25 and 6-bromo-substituted salts are hydrolyzed 
quite readily under the same conditions. 26 27 Similarly, it is not possible 
to isolate the base forms of 6-nitro- and 6-aminodihydrodiazepines from 
the respective dihydrodiazepinium cations which are, however, themselves 
resistant to hydrolysis in the absence of alkali. 28 

N , iV'-Disubstituted dihydrodiazepinium salts are stable in acid but 
decompose in alkali. 15 ' 16 In this case it is not possible to obtain any cor¬ 
responding dihydrodiazepine bases and the only available course of 

23 J. W. Armit and R. Robinson, J. Chem. Soc. 127, 1604 (1925). 

21 S. Veibel and J. I. Nielsen, Mat. Fys. Medd. Dan. Vid. Selsk. 35, No. 6 (1966). 

25 A. R. Butler, D. Lloyd, and D. R. Marshall, J. Chem. Soc. B, 795 (1971). 

26 D. Lloyd and D. R. Marshall, J. Chem. Soc., 118 (1958). 

27 C. Barnett, D. Lloyd, D. R. Marshall and L. A. Mulligan, J. Chem. Soc. B, 1529 

(1971). 

28 A. M. Gorringe, D. Lloyd, and D. R. Marshall, J. Chem. Soc. C, 617 (1970). 
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reaction with alkali inevitably entails ring-opening. Usually the N ,N'- 
disubstituted amines are the isolated products, but when 5,7-dimethyl- 
1,4-diphenyldihydrodiazepinium perchlorate was heated for a short 
time in aqueous sodium hydroxide the monooxoenamine (8) was isolated. 14 

MeCOCH =CMe —NPhCH 2 CH 2 NHPh 
(8) 

This is the only example of the isolation of this type of product from 
hydrolysis of a dihydrodiazepine. 


IV. Stability Constants of Dihydrodiazepines and Hydrolysis 
Equilibria 

The marked chemical stability of dihydrodiazepines and their ready 
formation in aqueous solution are reflected in the stability constants for 
their formation. These were measured 12 for a range of methyl-substituted 
diazepines and referred to the equilibrium of Eq. (4). 

R R 

(J$- R <« 

R R 
R = H or Me 

The equilibrium constants for 25°C, ignoring the water formed, are 
tabulated in approximate order of stability in Table I. 

When few methyl groups are present, stability is high, with values 
exceeding 10 9 . (Inclusion of water concentration would raise this to 10 13 .) 
The 5,7-dimethyl compound, on which much experimental work has been 
based, is not in fact the most stable. The most striking values, however, 
are those for the highly substituted compounds. The last two compounds 
listed have never been isolated and are formed in no more than very small 
amounts even at the most favorable pH values. Their stability constants 
are very rough values based only on observed UV absorption spectra. 
Clearly this ring system is made less stable by crowding of substituents. 
This is presumably caused by distortion of the ring, though this simple 
explanation is not wholly satisfactory; it is not clear, for example, why 
(ix) should be so much less stable than (vii) or (viii). 

The parent compound (I) is very difficult to prepare by the standard 
method from malondialdehyde and ethylenediamine, 12 although it is one 


RNH(CH 2 ) 2 NHjR + (RCO) 2 CHR 
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TABLE I 

Stability Constants of Dihydrodiazepinium Cations 


Compound No. 


Methyl substituent positions 


K 

4 

5 

6 

7 

1 

(i) 

_ 

_ 

_ 

_ 

_ 

2.5 X 10 9 

(ii) 

Me 

— 

— 

— 

Me 

3.2 X 10" 

(iii) 

Me 

— 

Me 

— 

Me 

7 X 10* 

(iv) 

— 

— 

Me 

— 

— 

1.3 X 10* 

(v) 

— 

Me 

— 

Me 

— 

3.4 X 10* 

(vi) 

Me 

Me 

— 

Me 

Me 

1.5 X 10‘ 

(vii) 

— 

Me 

Me 

Me 

— 

<10 s 

(viii) 

— 

Me 

Me 

— 

— 

1.0 X 10 8 

(ix) 

Me 

Me 

Me 

— 

Me 

~io- 8 ? 

to 

Me 

Me 

Me 

Me 

Me 

~io- s ? 


of the most stable, but can. be prepared readily from anils of malondialde- 
hyde and ethylenediamine in non-aqueous conditions. 1611 This is apparently 
because it is hydrolyzed relatively quickly under conditions which favor 
equilibrium instability. (Thus chromatographic separations, successful with 
most dihydrodiazepines, can result in progressive loss of material.) In 
contrast, derivatives substituted at positions 5 and 7 are hydrolyzed very 
slowly, nucleophilic attack at these positions being inhibited. 


V. Theoretical Considerations 

A. Model 

A Hiickel molecular orbital (HMO) model has been used to explain 
some of the characteristic properties of dihydrodiazepines. 29 The authors 
assumed that there was conjugative interaction between positions 4, 5, 6, 
7, and 1 on the dihydrodiazepine ring but no N ,N' lone pair interaction. 
The results obtained by this model are given in Table II. 


& 


[CIO,]" 


(9) 


H. P. Cleghorn, J. E. Gaskin and D. Lloyd, Rev. Latinoamer. Quim. 2, 103 (1971). 
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TABLE II 

HMO Data and Wavenumbers for Long-Wavelength Transitions of Some 
Dihydrodiazepinium Perchlorates, and Chemical Shift Parameters 


Salt 

R 4 

R 5 

R 3 

R 7 

R 1 

— Am" 

(cm-') 

Sh” 

pc“ 

(9a) 

H 

Me 

H 

Me 

H 

1.24 

30960 

4.9 

1.120 

(9b) 

H 

Me 

H 

Ph 

H 

1.065 

29290 

4.5 

1.110 

(9c) 

H 

Ph 

H 

Ph 

H 

0.94 

27930 

4.05 

1.096 

(9d) 

Ph 

H 

H 

H 

Ph 

0.975 

26320 

4.25 

1.098 

(9e) 

Ph 

Me 

H 

Me 

Ph 

0.995 

28820 

4.25 

1.112 

(9f) 

H 

H 

H 

H 

H 

1.275 

30300 

— 

— 

(9g) 

Me 

H 

H 

H 

Me 

1.17 

29400 

— 

— 

(9h) 

Me 

H 

Me 

H 

Me 

1.095 

27730 

— 

— 

(9i) 

Me 

Me 

H 

Me 

Me 

1.16 

29580 

— 

— 

(9j) 

Me 

Me 

Me 

Me 

Me 

1.08 

27780 

- 

- 


0 For explanation of terms, see text. 
6 Sh measured in trifluoroacetic acid. 


In calculating HMO data, /3cn (resonance integral) is taken to be 0.84/3cc 
instead of 1.076/3cc as stated in Cleghorn et al. 29 

B. Absorption Spectra 

Dihydrodiazepinium salts are characterized by intense absorption 
bands (e = 15,000-25,000) lying between 300 and 360 nm. )ilHi These 
high absorption values are indicative of ir-ir* transitions, and this is sub¬ 
stantiated in some cases by the presence of n-i r* transitions on their 
long-wavelength side. 30,31 

The relationship between the wavenumbers (?) of these transitions and 
Am, the difference between the parameters of the lowest unoccupied MO, 
m m+ 1 , and the highest filled MO, m m , have been tested. 29 A plot of ? against 
Am for some ten dihydrodiazepinium perchlorates illustrates the essential 
distinction in compound type between these salts depending on whether 
there are exocyclic phenyl groups or methyl groups at position 5(7), 
presumably because of conjugative interaction in the case of the 5(7)- 
phenyl substituents. 

The same authors also investigated the use of the semiempirical equation 

30 E. Daltrozzo and K. Feldmann, Ber. Bunsenges. Phys. Chem. 72, 1140 (1968). 

31 K. Feldmann, E. Daltrozzo, and G. Scheibe, Z. Naturforsch. B. 22, 722 (1967). 
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(5) relating the chemical shift parameter of the 6-proton, Sh, and the 
charge density on the 6-carbon atom, p 0 . 29 Qh is a constant. 

Sh = QhPo (5) 

This was tested for the dihydrodiazepinium salts (9a-e). Q H is approxi¬ 
mately 36 ppm per electron and the correlation holds fairly well except 
for compound 9e, which may be anomalous owing to crowding in the 
molecule caused by vicinal substitution. 

C. Electrochemical Constants 

Dihydrodiazepinium salts have been studied using single-sweep polaro- 
graphic methods. 32 Compounds 9a-d all gave what are piobably reversible, 
one-electron diffusion peaks with tetra-n-butylammonium perchlorate as 
supporting electrolyte. Compound 9e was also studied by this method 
using tetra-n-butylammonium iodide as supporting electrolyte. In the 
latter case, although the peak may be reversible, the transition involves 
more than one electron. 32 

The peak potential E v is related to the half-wave potential which is in 
turn proportional to m m+x for a reversible, diffusion-controlled wave of 
a given substance in a given solvent. 33 It was concluded inter alia that 
polarographic reduction of salts 9a-c is different from that of salt 9d. 32 
Because of the paucity of data the relation between E v and m m+ 1 was not 
tested but a similar trend in E p and m m+l was observed for each of the 
three related compounds 9a-c. 32 

D. Reactivity to Electrophilic Attack 

Coulson free valences (F) (see Table III) calculated from the Hiickel 
model indicate that, when there are phenyl groups substituted at positions 
1 and 4 and methyl groups at positions 5 and 7, electrophilic substitution 
will take place at the ortho and para positions of the phenyl groups as 
well as at position 6 of the dihydrodiazepinium ring. 34 Similar results 
are suggested for 5,7-phenyl-disubstituted dihydrodiazepinium salts, 
with substitution occurring preferentially at position 6. Bromination and 
nitration of the 5,7-dimethyl-l ,4-diphenyldihydrodiazepinium cation 
does indeed take place at the predicted sites. Bromination of 5,7-di- 

32 A. Alexander, H. P. Cleghorn, and D. Lloyd, unpublished results. 

38 A. Streitwieser, “Molecular Orbital Theory for Organic Chemists.” Wiley, New York, 

1961. 

34 H. P. Cleghorn, unpublished results. 
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TABLE III 

Coulson Free Valences of Some Dihydrodiazepinium Perchlorates 


Compound 

Ft, 

Ft 

Ft 

F 0 * 

F m * 

F p * 

(9a) 

0.339 

0.404 

0.339 

_ 

_ 

_ 

(9b) 

0.343 6 

0.429 

0.259 6 

— 

— 

— 

(9c) 

0.225 

0.454 

0.225 

0.451 

0.394 

0.422 

(9e) 

0.347 

0.406 

0.347 

0.424 

0.399 

0.408 


“ F„, F m , F p refer, respectively, to o-, m-, and p-positions of phenyl ring. 
6 Ft, and F 1 refer, respectively, to Me- and Ph-substituted positions. 


phenyldihydrodiazepinium salts occurs solely at position 6 of the dihydro¬ 
diazepinium ring but nitration in nitric acid-sulfuric acid mixtures brings 
about substitution in the phenyl groups as well as in the dihydrodia¬ 
zepinium ring, although with nitric acid alone the phenyl groups are not 
attacked. 28,35 Coulson free valence indices do not explain the observed 27 
electrophilic substitution at position 6 when positions 5 and 7 are un¬ 
occupied; in those cases (9f, 9g, 9h), and also for 9i, the calculations 
indicate F 6 ,7 > F s , thus predicting attack at position 5(7). 


VI. Electrochemical Studies 

The first reported electrochemical study on dihydrodiazepines was a 
potentiometric determination carried out on the 5,7-dimethyl derivative. 
A value of p K„ between 13 and 14 was obtained in this way. 21 The technique 
has since been applied to 6-nitro-5,7-diphenyldihydrodiazepine, giving a 
p K a of 6.7. 36 For other dihydrodiazepines with very high p K & values, 
spectrophotometric methods have proved more convenient and often 
more accurate. 24 

Polarographic reductions of dihydrodiazepinium salts have been carried 
out in N, A 7 -dimethylformamide as solvent. Compounds 9a-d gave broad 
irreversible waves having half-wave potentials (E i /2 ) approaching —2.0 V 
with respect to the mercury pool. 32 Single-sweep polarographic studies in 
dimethylformamide using tetra-n-butylammonium perchlorate (TBAP) 
as supporting electrolyte gave reversible one-electron diffusion peaks for 
many of the salts, as shown in Table IV. In this table data are also recorded 

85 A. M. Gorringe, D. Lloyd, F. I. Wasson, D. R. Marshall, and P. A. Duffield, J. Chem. 
Soc. C, 1449 (1969). 

84 A. Alexander and H. P. Cleghorn, unpublished results. 
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from studies in which tetra-n-butylammonium iodide (TBAI) was used 
as supporting electrolyte, but the results appear to be less informative. 32 

The results indicate that the introduction of electron-withdrawing 
groups lowers the numerical value of E p . This also implies that the main 
interaction of phenyl groups at the 5(7)-positions is inductive, since 
conjugative interaction of such groups is of necessity electron-donating 
(see Lloyd et al , 37 ). 


TABLE IV 


POLAROGRAPHIC PEAK POTENTIALS (CaTHODIC) FOR SOME 

Dihydrodiazepinium Perchlorates 


Salt 

R 4 

R 5 

R* 

R 7 

R 1 

E p c (TBAI) 
(volts) 

E p ‘ (TBAP) 
(volts) 

(9a) 

H 

Me 

H 

Me 

H 

No peaks 

-1.57 

(9b) 

H 

Me 

H 

Ph 

H 

No peaks 

-1.28 

(9c) 

H 

Ph 

H 

Ph 

H 

-2.0 

f-1.12 

\-1.92 

(9d) 

Ph 

H 

H 

H 

Ph 

No peaks 

-0.84 

(9e) 

Ph 

Me 

H 

Me 

Ph 

-0.54 


(9f) 

H 

Me 

Br 

Me 

H 

— 

f-1.00 

1-1.54 

(9g)° 

H 

Me 

Br 

Me 

Me 

— 

(-0.95 

\-1.55 

(9h) 

H 

Me 

OMe 

Ph 

H 

— 

-1.24 

(9i) 

H 

Me 

H 

Ph 

Me 

— 

-1.29 

(9j)« 

H 

Ph 

Br 

Ph 

H 

-2.0 

(-0.85 

j -1.10 

(9k) 

H 

Ph 

N0 2 

Ph 

H 

No peaks 

[ -0.75 
-1.08 
1-1.20 

(91) 

H 

Ph 

nh 2 

Ph 

H 

/ 1-3 
\—2.0 

/ —1.15 
1-2.0 

(9m) 

H 

Ph 

H 

p-C 6 H 4 NH 2 

H 

~-2.0 

(-0.58 

(9n) 6 

Ph 

H 

no 2 

H 

Ph 

-1.06 

| -1.02 
(-2.0 


“ Bromide salt. 

6 Tetrafluoroborate salt. 

c E p Cathodic potential at the maximum of the polarographic peak. 


37 D. Lloyd, R. K. Mackie, H. McNab, and D. R. Marshall, J. Chem. Soc. Perkin 
Trans. II, 1729 (1973). 
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Polarographic reductions have also been carried out in aqueous ethanol 
over a pH range of 2-8. 38 It appears that the polarographic reduction of 
9c in acidic solution gives mainly ethylenediamine, benzylideneaceto- 
phenone, and benzylacetophenone. Reduction of 9d gave dianilinoethane 
and the hexahydrodiazepine as the major identifiable products, although, 
under the conditions of the polarographic experiment, only a one-proton 
one-electron addition may occur in the initial step. Mechanistic schemes 
for these reductions have been suggested. 38 

The 6-nitrodihydrodiazepinium perchlorate (9n) can also be reduced 
under these conditions. The main polarographic wave in this case arises 
from the reduction of the nitro group to a hydroxyamino group. 38 


VII. Structure and Spectra 


A. Structure 

Dihydrodiazepine bases might have either the conjugated structure 5 
or the nonconjugated structure 10; all the spectroscopic evidence points 
to the former. 81218 ' 20 Rapid tautomeric exchange of a hydrogen atom 
between the two nitrogen atoms takes place, however, since NMR spectra 



(5) (10) 



( 6 ) 


in carbon tetrachloride, deuteriochloroform, or perdeuteriomethanol show 
that for symmetrically substituted dihydrodiazepines the 2 and 3 positions 
and also the 5 and 7 positions are, respectively, equivalent. 20 30 The 
monocations must have the conjugated structure 6; this was again con¬ 
firmed by the NMR spectra. 9 Protonation of the monocations might take 

38 H. P. Cleghorn, J. E. Gaskin, and D. Lloyd, J. Chem. Soc. B, 1615 (1971). 
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place at a nitrogen atom to give dications such as 11 or alternatively at 
the 6-position to give dications 7. Spectroscopic evidence shows that the 



(ID (7) 


latter is certainly the predominant species in solutions of dihydrodiazepines 
in strong acid, 9 although hydrogen-deuterium exchange takes place in 
deuterio acids both at the nitrogen atoms and at the 6-position. 8 ’ 18 ' 20 25 


B. Electronic Spectra 

The electronic spectra of dihydrodiazepinium salts are characterized 
by an intense absorption (e = 15,000-25,000) usually between 300 and 
360 nm. The related bases absorb with somewhat reduced intensity at a 
slightly shorter wavelength. In the alkyl-substituted dications there is 
no appreciable absorption above 200 nm, but in the case of the 5,7- 
diphenyldihydrodiazepine there is a band at ~290 nm (t = 23,500); the 
changes are due to loss of the conjugated dihydrodiazepinium system when 
it is protonated to form a dication. This absorption in the dihydrodia¬ 
zepinium monocations has been ascribed to a ir-ir* transition. 29 ’ 30 It 
occurs at a similar wavelength and intensity to the ir-ir* transitions in 
open-chain cfs-2-iminoenamines but not to those of pyrimidines, thus 
suggesting that there is no cyclic electronic interaction in the dihydro¬ 
diazepines. 30 

Substituent groups have a generally regular effect on the position of 
the absorption maxima in dihydrodiazepinium cations. Thus methyl 
groups at the 1- and 4-, or 6-positions cause bathochromic shifts of +6 
and +22 nm, respectively, whereas at the 5,7-positions they cause 
(hypsochromic) shifts of —4 nm. 12 ' 15 These effects are additive for multiply- 
substituted compounds and may be compared with similar shifts in 
azulenes, with methyl groups substituted at positions of high or low 
ir-electron density causing, respectively, bathochromic or hypsochromic 
shifts. There are similar regular changes in the intensity of absorption, 
which is raised by methyl groups at the 1-, 4-, 5-, or 7-positions but 
lowered by a methyl group at the 6-position. 12 

Phenyl groups have a regular bathochromic effect, amounting to 
~14nm at the 5,7-positions and ~25nm for each iV-phenyl or 6-phenyl 
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group. 1416 ' 31 These bathochromic effects are, however, diminished if there 
is a methyl group on a site next to the phenyl group, due to steric. interference 
between the adjacent groups which forces the phenyl group far enough 
out of coplanarity with the dihydrodiazepinium ring to reduce electronic 
interaction between the rings. 1415 

Other substituent groups at the 6-position also make marked and 
fairly regular contributions to the UV spectra of dihydrodiazepinium 
salts. Halogen atoms, arylazo, alkoxy, and amino groups have marked 
bathochromic effects, lost in the case of amines when the amino group is 


C. Infrared Spectra 

The infrared spectra of dihydrodiazepinium salts are complex but there 
are several characteristic bands. 12 In the 3000 cm -1 region v NH shows as a 
medium to strong band at ~3600 cm -1 . Hydrogen atoms at the 5-, 6-, or 
7-positions give rise to a weak vc-n band at 3050-3100 cm -1 ; alkyl vc-n 
bands at ~2900 cm -1 are also weak. When there are hydrogen atoms at 
positions 5 or 7 there is a fairly strong band at 1215-1255 cm -1 , which is 
absent if these positions carry substituents; they may be due to C—H 
deformations. All spectra of dihydrodiazepinium salts show three strong 
bands at 1610-1650 cm -1 , at 1510-1575 cm -1 and at 1305-1335 cm -1 , 
the first two apparently due to coupled multiple-bond stretching and the 
third to PC-N- 

The infrared spectra of dihydrodiazepine bases show bands at 3150-3190 
cm -1 (NH), no normal C==N absorption, and a characteristic absorption 
between 1500 and 1600 cm -1 . 


D. Nuclear Magnetic Resonance Spectra 

The NMR spectra of dihydrodiazepines and their mono- and dications 
accord completely with the assigned structures. 9 ' 20 ' 29 ' 30 ' 37 ' 40 The most 
characteristic feature of the spectra of the dihydrodiazepinium salts is the 
markedly different positions at which protons at the 5- and 7-positions 
(r 2.4-2.6 for iV-unsubstitutcd compounds) and at the 6-position (r 
4.0-5.0) appear. This can be correlated with the large difference in 
nucleophilicity of these sites, as discussed later in this chapter (Section 
VIII). Signals due to groups at the 5-, 6-, or 7-positions all appear at 
higher field in the spectra of dihydrodiazepine bases than in the cations 
due to the loss of positive charge. 

39 C. Reichardt, Ann. Chem. 746, 207 (1971). 

40 E. Daltrozzo and K. Feldmann, Tetrahedron Lett., 4983 (1968). 
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A detailed study of the NMR spectra, in particular of coupling constants, 
has shown that the dihydrodiazepinium cations exist in half-chair con¬ 
formations (12). 37 These half-chair conformations undergo rapid inversion 
at room temperature. Methylene groups at the 2- and 3-positions appear 



(12) 


as singlets at room temperature but as AA'BB' multiplets at lower tem¬ 
peratures. The coalescence temperatures, which occur at about —20° to 
— 40°, appear to depend on the bulk of substituents in the methine portion 
of the ring, but electronic factors appear to have little effect. 37 This is thus 
a further example of the steric effects of substituents on the properties 
of this system. (Compare Sections IV and VII,B). 

Signals due to 5 (7)-phenyl groups, which in the absence of neighboring 
substituent groups give multiplet signals, appear instead as singlets if 
vicinal methyl groups are present. 14 ' 37 This may again be ascribed to 
crowding, which forces the phenyl groups out of the plane of the dihydro- 
diazepine ring in the latter cases. 

13 C NMR studies also emphasize the difference between the 6- and the 
5,7-positions, the signals for 5,7-C appearing ~80 ppm. downfield from 
the 6-C signals. 408 


VIII. Electrophilic Substitution Reactions 


A. General 

Perhaps the most characteristic reaction of dihydrodiazepinium salts 
is their electrophilic substitution at position 6. Thus they are readily 
deuteriated, 20 ' 26 ' 41 ' 42 halogenated, 9 ' 15 ' 26 ' 35 and nitrated, 28 ' 43 44 and couple 
with diazonium salts. 45 Reaction occurs under conditions similar to those 

401 D. Lloyd, H. McNab, and D. R. Marshall, unpublished results. 

41 R. P. Bell and D. R. Marshall, J. Chem. Soc., 2195 (1964). 

42 C. Barnett and J. Warkentin, J. Chem. Soc. B, 1572 (1968). 

43 A. M. Gorringe, D. Uoyd, D. R. Marshall, and L. A. Mulligan, Chem. Ind. (London), 
130 (1968). 

44 C. Barnett, Chem. Commun., 637 (1967); J. Chem. Soc. C, 2436 (1967). 

45 E. M. Grant, D. Lloyd, and D. R. Marshall, Chem. Commun., 1320 (1970). 
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used for benzene derivatives. Indeed the kinetics of the halogenation 4146 
and nitration 46 reactions closely resemble those of benzenoid compounds, 
in the case of halogenation resembling those for activated benzene deriva¬ 
tives, such as phenols or amines. Kinetic studies indicate that the 
dihydrodiazepinium cation is indeed involved in these electrophilic substi¬ 
tutions, so that the nitration reaction represents a rare example of elec¬ 
trophilic attack by a cation on another cation. 

The mechanism for these electrophilic substitution reactions involves 
formation of a dication intermediate 13 which, as in the case of benzenoid 
substitution reactions, loses a proton and reverts to the original stable 
system. 



(13) 


Similar stable intermediate dication structures cannot be drawn for 
electrophilic attack at the 5- and 7-positions. This is reflected in the 
enormous difference in reactivity toward electrophiles between the 6- 
position and the 5- and 7-positions. 25 27 Kinetic studies of the bromination 27 
and deuteriation 25 of dihydrodiazepines and their salts indicate a ratio 
of reactivities of at least 1:10 9 , and probably greater. Indeed 6-methyl- 
dihydrodiazepinium salts undergo attack by bromine at the 6-position, 
despite the presence of the substituent group at that position, rather than 
at the 5(7)-position. 27 The resultant products are hydrolysis products 
since the dication intermediate (14) has no mesomeric stabilization and 
cannot gain such stabilization by loss of a proton, and, as a bisiminium 
salt, is readily hydrolyzed. Similarly, when 6-methyldihydrodiazepinium 



(u) 


salts are kept in deuteriotrifluoroacetic acid for up to 10 days no hydrogen- 
deuterium exchange can be detected at the 5- and 7-positions. 26 

41 D. Lloyd and D. R. Marshall, unpublished results; paper presented at Chemical 
Society Autumn Meeting, York, 1971. 
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Because of their “aromatic-like” reactivity the dihydrodiazepinium 
salts were described 4 as “quasi-aromatic” compounds, a term which had 
previously been used to describe “nonaromatic” compounds which none 
the less showed “aromatic” chemical properties. 47 More recently it has 
been suggested 5 6 that the tendency to undergo substitution rather than 
addition reactions might be termed “meneidic” or “regenerative” rather 
than “quasi-aromatic” owing to the confusion of the parent term 
“aromatic.” Dihydrodiazepinium salts are thus examples of compounds 
having meneidic or regenerative character. 


B. Reaction Kinetics 

The similarity of behavior between the meneidic dihydrodiazepines and 
their salts and activated benzene derivatives, such as anilines and phenols, 
extends to reaction mechanisms, as indicated by kinetics. In aqueous 
solution bromination is a bimolecular reaction between dihydrodiazepinium 
cations and bromine molecules. 27 ' 41 The leaving bromide ion is still present 
in the transition state and, as in many (but not all) brominations of 
activated benzene derivatives, the rate-determining step is the initial 
attack which leads to formation of the intermediate <r-complex (13). Steric 
factors play a large part in the rates of bromination of dihydrodiazepinium 
salts in methanol, reaction being slower when large substituents are present 
at the adjacent 5- and 7-positions. 47a Substituents further removed from 
the site of bromination may also affect the rate. 47 ® 

The initially produced 6-bromo derivative can be further brominated 
to give a 6,6-geminally dibrominated species. 41 This reaction too begins 
by attack of bromine on the bromodihydrodiazepinium cation (though 
at a very much slower rate), but a reciprocal dependence of the rate upon 
the bromide ion concentration shows that the rate-determining step this 
time is not bromine attack, but decomposition of the intermediate. The 
reaction is accelerated by increase of pH, but the alternative explanation 
of a reaction involving bromination of bromodihydrodiazepine base is 
untenable. This effect of pH must arise from proton loss by the inter¬ 
mediate. The final products are those formed by hydrolysis of the un¬ 
conjugated dibromo compound. 

Iodination of dihydrodiazepines by iodine in buffered aqueous solution 
is particularly illuminating. Under most conditions the reaction rate is 
inversely proportional to the iodide concentration in a way which shows 

47 L. Mester, J. Amer. Chem. Soc. 77, 4301 (1955). 

47 “ A. R. Butler, D. Lloyd, H. McNab, and D. R. Marshall, unpublished results; paper 
presented at Chemical Society Autumn Meeting, Norwich, 1973. 
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that the rate-determining step is removal of the leaving proton from the 
intermediate 13. In agreement with this the reactions are subject to 
general base catalysis and show substantial kinetic deuterium isotope 
effects. 41 By adjusting the base catalyst and iodide concentrations, how¬ 
ever, it is possible to make competitive the rates of conversion of the 
intermediate to iodo product or the rates of reversion to the starting 
materials, and so to demonstrate that the mechanism is indeed a two-step 
mechanism. 48 In this the behavior is exactly like that of p-nitrophenol 
when it is iodinated. 49 

Iodination too is accelerated by increase of pH. 48 There are two parallel 
reactions, one with a transition state of the composition of 13, derived 
from dihydrodiazepinium cation, and a second related to the first by loss 
of a proton. As both reactions are generally base-catalyzed, this proton 
is an N—H proton. It is, however, impossible in principle to say whether 
the proton loss takes place before or after iodination, because the iodina- 
tions are slow enough for all steps prior to transition-state formation to be 
effectively in equilibrium with one another. This situation nevertheless 
allows us to treat the rate via the second reaction pathway as a rate of 
iodination of dihydrodiazepine base by iodine in a mechanism precisely 

TABLE V 

Relative Reactivities in Aqueous Halogenation at 25°C 


Substrate Iodination (/chpo,*-) Bromination (k^n) 


Phenoxide anion 

2.2 X 10°“ 

_ 

5,7-Dimethyldihydrodiazepine base 

1.5 X 10 8 

— 

Aniline 

3.0 X 10 2 5 

~10 9 « 

5,7-Dimethyldihydrodiazepinium cation 

2.0 X 10- 2 

4.4 X 10 5 

Phenol 


1.8 X 10 B d 


“ Berliner. 50 
6 Berliner. 51 
c Bell and Ramsden. 52 
d Bell and Rawlinson. 53 


45 D. Lloyd and D. R. Marshall, paper presented at Chemical Society Heterocyclic 
Group Meeting, London, January 1970. 

49 E. Grovenstein and N. S. Aprahamian, J. Amer. Chem. Soc. 84, 212 (1962). 

50 E. Berliner, J. Amer. Chem. Soc. 73, 4307 (1951). 

51 E. Berliner, J. Amer. Chem. Soc. 72, 4003 (1950). 

52 Value for N, .V-dimethylaniline: R. P. Bell and E. Ramsden, J. Chem. Soc., 161 (1958). 
58 R. P. Bell and D. J. Rawlinson, J. Chem. Soc., 63 (1961). 
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like that of dihydrodiazepinium cation iodination, and so to compare the 
reactivities of dihydrodiazepine base and dihydrodiazepinium cation. 

On this basis it is possible to compare directly the reactivities in aqueous 
bromination and iodination of dihydrodiazepine base and dihydrodia¬ 
zepinium cation with those of para substitution in aniline, phenol, and 
phenoxide ion, 48 as shown in Table V. 

The difference in reactivity between the dihydrodiazepine base and its 
cation is similar to that between phenoxide anion and phenol, and is 
associated with the change in charge type. Ease of <r-complex formation 
is not directly relevant. 

C. Halogenation and Protodehalogenation 

A wide variety of dihydrodiazepines and their monocations have been 
brominated by bromine in an organic solvent or by A r -bromosuccinimide 
to give their 6-bromo derivatives. 16 ' 26 ' 35 In most cases exclusively mono- 
bromination resulted, the exceptions being 1,4-diphenyldihydrodia- 
zepinium salts which were also brominated in the phenyl rings. In contrast, 
5-(7-) phenyl substituents are not brominated. The greater susceptibility 
to attack of phenyl groups at the 1- and 4-positions compared to phenyl 
groups at positions 5 or 7 is in accord with the low nucleophilicity of sites 
5 and 7 compared to positions 1 and 4, and is clearly due to conjugation 
of the 1(4)-phenyl groups with the nitrogen atoms. 

In one case bromination of a 5 (7)-methyl group rather than substitution 
at the 6-position has been reported. 35 This occurred when 1, 7-dimethyl-5- 
phenyldihydrodiazepine (15) was treated with bromine in methanol, and 
presumably results from the fact that, unlike A-unsubstituted dihydro¬ 
diazepines, this base has a fixed structure, incapable of tautomeric re¬ 
arrangement, and that in this structure the 7-methyl group is activated 
by conjugation with the azomethine group. 



(IS) (16) 


Dihydrodiazepinium salts can similarly be iodinated by the use of 
A-iodosuccinimide. 35 Alternatively, 6-iododihydrodiazepines are readily 
prepared by reaction of the corresponding 6-bromo compounds with 
sodium iodide in methanol. 36 (See also Section X.) 

Chlorination is readily achieved by means of A-chlorosuccinimide 
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but aqueous work-up of a reaction between chlorine and 5,7-dimethyl- 
dihydrodiazepine gave only 3,3-dichloropentane-2,4-dione. It appears 
that chlorine readily dichlorinates the dihydrodiazepine to give a dichloro 
compound (16, R = Me, X = Y = Cl) which, having two azomethine 
groups but no stable delocalized electron system as in the parent compound, 
is very easily hydrolyzed. 

Kinetic studies (see above) indicated that similar dibromination of 
dihydrodiazepines could take place in aqueous solution but the dibromo 
products were not isolated owing to their ready hydrolysis. 41 The dibromo 
compound (16, R = Ph, X = Y = Br) and the bromochloro compound 
(16, R = Ph, X = Br, Y = Cl) were obtained 35 by bromination of the 
appropriate monohalodihydrodiazepines in dry benzene. These dihalo 
compounds were immediately debrominated to monohalodihydrodia¬ 
zepines in dilute aqueous acid. 

6-Bromodihydrodiazepinium halides, but not, for example, perchlorates 
or trifluoroacetates, are protodebrominated in strong acids. 36 Dilution 
with water of the solutions in strong acid causes reformation of the 6-bromo 
compounds but the debrominated products remain if the dilution is made 
with aqueous thiosulfate. These reactions are dependent on the equilibria 
of Eq. (6). In keeping with this mechanistic picture, 6-iododihydro- 



diazepinium salts are dehalogenated more readily in acid than their 
bromo analogs, 4164 whereas 6-ehlorodihydrodiazepinium salts undergo 
dechlorination extremely slowly, if at all. 64 


D. Nitration 

Dihydrodiazepinium salts are readily nitrated at the 6-position. 28 ' 43 ' 44 
Kinetic studies show that the dihydrodiazepinium monocation is indeed 
the substrate species involved in the reaction, the reagent being nitronium 
ion. 46 

Nitric acid alone, or nitric acid-sulfuric acid mixtures are effective 
reagents for dihydrodiazepinium salts without phenyl substituents but 
nitric acid-sulfuric acid mixtures are unsuitable for phenyl-substituted 
compounds since under these conditions the phenyl as well as the di- 


E. M. Grant, D. Lloyd, and D. R. Marshall, unpublished results. 
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hydrodiazepinium rings are nitrated. 28 It has not been possible to isolate 
6-nitrodihydrodiazepine bases owing to their ready hydrolysis. 28 

E. Reactions with Diazonium Salts and with 
P-Dimethylaminobenzaldehyde 

Aryldiazonium salts react at once with dihydrodiazepinium salts and 
provide a further example of a reaction between two cations, but the 
coupling products are hydrolyzed very readily and the products isolated 
were cv-arylazoderivatives of /3-diketones. 45 6-Arylazo-A r , A''-disubstituted 
dihydrodiazepinium salts have, however, been obtained by condensation 
of mesoxaldialdehydc-2-phenylhydrazones with N , A''-disubstituted ethyl- 
enediamines. 39 

A dihydrodiazepinium salt has also been coupled at its 6-position with 
p-dimethylaminobenzaldehyde to give the purple mesomeric product 17 
which turns yellow in trifluoroacetic acid and is reprecipitated from such 
solutions by addition of methanol. 



IX. Aminodihydrodiazepinium Salts 

Nitro substituents in dihydrodiazepinium salts can be reduced by 
means of iron and acetic acid without reduction of the dihydrodiazepinium 
ring; for example, p-aminophenyl-substituted dihydrodiazepinium salts 
have been obtained in this way. 28 Although 6-nitro groups can also be 
reduced by metal and acid, it is not a satisfactory method for the prepara¬ 
tion of 6-aminodihydrodiazepinium salts since the products apparently 
form complexes with the metal. 6-Amino derivatives are most conveniently 
prepared by catalytic reduction of the related nitro compound using either 



24 


DOUGLAS LLOYD ET AL. 


cyclohexene and palladium-charcoal or hydrogen and palladium- 
charcoal. 28,64,65 

6-Aminodihydrodiazepinium salts are stable, but it has proved impossible 
to isolate the bases. The salts react readily with benzaldehydes to form 
stable anils which can be reduced to arylamino derivatives by sodium 
borohydride; this reagent also does not react with the dihydrodiazepine 

ring.28.55 

Reaction of 6-aminodihydrodiazepinium salts with sodium nitrite and 
acid produced stable solids with peaks in their IR spectra at 2200 cm -1 
characteristic of aromatic and heteroaromatic diazonium salts. 28 ’ 64,55 
These diazonium salts could be converted into 6-chlorodihydrodia- 
zepines. 28 ' 64,55 With alcohols or potassium iodide the diazonium group 
was replaced by a hydrogen atom; in the latter case it is likely that a 
6-iodo compound was formed which was then protodeiodinated in the 
acid conditions. 64 

X. Reactions of 6-Halodihydrodiazepines with Nucleophiles 

As mentioned in Section VIII, 6-iododihydrodiazepines may be prepared 
by reaction of their 6-bromo analogs with sodium iodide in methanol. 36 
Similarly, 6-bromodihydrodiazepines react readily with methoxide ions 
to give the corresponding 6-methoxy derivatives. 26,35 Other 6-alkoxy-, 
6-aryloxy-, and 6-aminodihydrodiazepines have been prepared by nucleo¬ 
philic substitution. 35 

This ready nucleophilic substitution is surprising, since in the normal 
tautomeric form 18 the 6-position should be deactivated towards nucleo¬ 
philic attack; indeed, as discussed in Section VIII, this position is a site 
where electrophilic substitution takes place readily. It is possible that in 
the presence of base prototropic rearrangement via the dihydrodiazepenide 
anion 19 to the tautomer 20 takes place. Although the equilibrium con¬ 
centration of 20 is likely to be very small it would be strongly electrophilic 
at the 6-position owing to the effects of the bromine atom and the two 
azomethine groups, and it could well be the reactive species in the nucleo¬ 
philic substitution of the bromine atom. A tautomer of this structure 



(18) (19) (20) 


“ A. M. Gorringe, D. Lloyd, and D. R. Marshall, Chem. Ind. {London), 1160 (1968). 
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has never been observed in the case of dihydrodiazepines although it 
represents the normal structure of 2,3-benzo-l ,4-diazepines. 56 

In many cases reaction of 6-bromodihydrodiazepines with nucleophiles 
does not lead to the normal substitution products but instead the bromine 
atom is replaced by a hydrogen atom. 36 It has been shown 35 that debromina- 
tion and nucleophilic substitution are competing reactions rather than 
that nucleophilic substitution precedes the introduction of the hydrogen 
atom. The dihydrodiazepines may themselves act as bases to bring about 
bromine-hydrogen exchange, for when some bromodihydrodiazepines 
were heated in an inert solvent, slow replacement of the bromine by 
hydrogen was observed. 35 

Although the mechanism of this reaction is uncertain it seems likely 
that the bisazomethine tautomer 20 is again involved, nucleophilic attack 
on the bromine atom by base leading to an anion which, in turn, extracts a 
proton from the solvent or from another diazepine molecule [Eq. (7)]. 36 



(20) 


The involvement of this tautomer is particularly suggested by the fact 
that under identical conditions iV-methyldihydrodiazepines do not undergo 
this reaction. 

The evidence available suggests that, in a general way, steric factors 
affect the course of the reaction. Increase in the size of substituents at 
positions 5 or 7 or in the size of the nucleophile appears to favor protode- 
bromination over nucleophilic substitution. Furthermore it appears that 
6-iododihydrodiazepines undergo protodeiodination rather than nucleo¬ 
philic substitution irrespective of the size of the nucleophile or of 5(7)- 
substituents, whereas 6-chlorodihydrodiazepines are less susceptible to 
protodchalogenation. 64 Thus with thiourea 6-bromodihydrodiazepines 
undergo protodebromination, whereas 6-chlorodihydrodiazepines form 
6-isothiouronium salts, in contrast to the normally more ready formation 
of isothiouronium salts from bromo compounds than from chloro com¬ 
pounds. It is not unreasonable that protodehalogenation should be favored 
for more bulky dihydrodiazepines or nucleophiles since this reaction has 
less steric demands than nucleophilic substitution. Similarly, both for 

“ I. L. Finar, J. Chem. Soc., 4094 (1958); J. A. Barltrop, C. G. Richards, D. M. Russell, 

and G. Ryback, ibid,., 1132 (1959). 
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steric reasons and because of the relative ease of formation of halonium 
cations, protodehalogenation should be favored with respect to nucleophilic 
substitution in the order iodine > bromine > chlorine. The equilibrium 
between the conjugated form of the base (18) and the bis azomethine 
tautomer (20) may be somewhat more favorable to 20 if there are large 
5(7)-substituents, since crowding between these substituents and the 
6-substituent is thereby relieved. 
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I. Introduction 

1,5-Benzodiazepines (1) are the 2,3-benzo-fused derivatives of the 
dihydrodiazepines of the previous Chapter. The reader should note that 
the numbering systems required (IUPAC; Chemical Abstracts) for the 
benzo series and the dihydro compounds proceed in opposite directions 
about the diazepine rings. 



(1) (2) (3) 

Therefore, positions 1,2,3,4, and 5 of the 1,5-benzodiazepines correspond 
to positions 1,7,6,5 and 4 respectively, in the monocyclic compounds. 


27 
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This should be borne in mind when comparisons are made. Throughout 
this chapter the term “benzodiazepine” refers exclusively to the 1,5-diaza 
isomers. 

Unlike the 2,3-dihydro-l,4-diazepines, benzodiazepines normally exist 
in the dianil form 1 rather than in the conjugated form 2. In form 1 some 
extra stabilization is achieved by conjugation of the anil groups with the 
benzene ring. Cyclic conjugation as in form 2 may indeed destabilize the 
molecules since it involves either interaction of eight ^-electrons around 
the seven-membered ring or, in form 3, of 12 ^-electrons around the pe¬ 
riphery of the molecule; either of these formalizations are counter-Hiickel 
systems. 1 

Protonation of benzodiazepines leads to the formation, successively, of 
the monocations (4) and dications (5). The bases and dications are nor¬ 
mally colorless or pale yellow, whereas the monocations are intensely 



(4) (5) 


colored, frequently dark purple. 

Benzodiazepines are less stable and more readily hydrolyzed than their 
dihydro counterparts discussed in the previous chapter. 


II. Preparation of Benzodiazepines 

The first example of a benzodiazepine, the 2,4-dimethyl derivative 
(1, R = R" = Me, R' = H) was prepared in 1907 by Thiele 2 3 by conden¬ 
sation of o-phenylenediamine with acetylacetone in ethanol-acetic acid. 
Addition of hydrochloric acid precipitated the purple hydrochloride. 2 
The commonest method of preparation remains the reaction of o-phenyl¬ 
enediamine with /3-dicarbonyl compounds. 

Thus by reaction of o-phenylenediamine with the appropriate /3-diketone 


1 D. Lloyd and D. R. Marshall, in “ “Aromaticity, Pseudo-aromaticity, Anti-aromati¬ 

city” ” (E. D. Bergmann and B. Pullman, eds.), p. 85. Israel Acad. Sci. Humanities, 
Jerusalem, 1971; Angew. Chem. 84, 447 (1972); Angew. Chem. Int. Ed. Engl. 11, 404 
(1972). 

3 J. Thiele and G. Steimmig, Ber. 40, 955 (1907). 
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the following benzodiazepines have been prepared: 2,4-dimethyl, 2 - 7 
2,4-diphenyl, 58 ' 9 2-methyl-4-phenyl, 2 ' 5 2-methyl-4-anisyl (m and p), 5 
2-methyl-4-(2'-selenienyl), 10 2,4-bis(bromomethyl), n 2-methyl-4-car- 
boxy, 12 2,3,4-trimethyl, 7 ' 13 ' 14 3-ethyl-2,4-dimethyl, 14 and 3-(2'-benzi- 
midazolyl)-2,4-dimethyl. 16 As in the case of dihydrodiazepines, formation 
of 2(4)-aryl-substituted benzodiazepines is less simple than that of their 
alkyl analogs. 5 The presence of a 3-substituent lowers the yield of benzo¬ 
diazepine. 7 It has been suggested 7 that the formation of benzodiazepines 
involves the equilibria of Scheme 1. 



Scheme 1 

In the case, for example, of 2,3,4-trimethylbenzodiazepine, the equilib¬ 
rium between the anil and benzodiazepine lies very much on the side of 

3 B. Emmert and H. Gsottschneider, Ber. 66, 1871 (1933). 

4 G. Schwarzenbach and K. Lutz, Helv. Chim. Acta 23, 1147 (1940). 

5 J. A. Barltrop, C. G. Richards, D. M. Russell, and G. Ryback, J. Chem. Soc., 1132 
(1959). 

• S. Veibel and S. F. Hromadko, Chem. Ber. 93, 2752 (1960). 

7 J. 0. Halford and R. M. Fitch, J. Amer. Chem. Soc. 85, 3354 (1963). 

8 1. L. Finar, J. Chem. Soc., 4094 (1958). 

9 S. Motoki, C. Urakawa, A. Kano, Y. Fushimi, T. Hirano, and K. Murata, Bull. Chem. 
Soc. Jap. 43, 809 (1970). 

19 Y. K. Yur’ev, N. N. Magdesieva, and V. V. Titov, Zh. Org. Khim. 1, 163 (1965); 
J. Org. Chem. USSR 1, 159 (1965). 

11 A. Becker, Helv. Chim. Acta 32, 1584 (1949). 

12 J. Schmitt, Ann. Chem. 569, 17 (1950). 

13 S. B. Vaisman, Tr. Inst. Khim. Khar’kov Gosudarst Univ. 4, 157 (1938); Chem. Abstr. 
34, 5847 (1940). 

14 S. B. Vaisman, Tr. Inst. Khim. Khar’kov Gosudarst Univ. 5, 57 (1940); Khim. Referat. 
Zh. 4, 46 (1941); Chem. Abstr. 38, 750 (1944). 

15 T. N. Ghosh, J. Ind. Chem. Soc. 15, 89 (1938). 
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the anil because of steric hindrance due to the vicinal methyl groups in 
the benzodiazepine. Some benzimidazole is always formed as a by-product 
in the condensation reactions between o-phenylenediamine and /3-dike¬ 
tones; if the ring-closure equilibrium does not favor cyclization to the 
seven-membered ring then competitive formation of benzimidazole be¬ 
comes significant. No benzodiazepine has been obtained from o-phenyl¬ 
enediamine and 3,3-dimethylpentane-2,4-dione. 7 ' 13 ' 14 

Mono-iV-methyl-o-phenylenediamine reacts with acetylacetone to form 
the 1,2,4-trimethylbenzodiazepine but the yield is low; this has again 
been ascribed to destabilization of the ring-closed form due to steric inter¬ 
ference between adjacent methyl groups. 7 

The reactions of several polyketones with o-phenylenediamine have 
been shown to provide benzodiazepines. Thus triacetylmethane gives 
2,4-dimethylbenzodiazepine, 5 while the tetraketones (6) gave the benzo¬ 
diazepines (7) which did not react with a further equivalent of o-phenylene¬ 
diamine to form bis benzodiazepines. 8 


RCOCHjCOCOCHjCOR 

R = Me or Ph 
( 6 ) 


(7) 


Ph 


The ketoketene acetals 8 and 9 react with o-phenylenediamine to give 
the benzodiazepines 10 and 11, respectively. 16 


(EtO) 2 C =CHCOCOCH=C (XEt) 2 

(8) X = O 

(9) X = S 



2-Ethyl-3-methyl- and 2-M-butyl-3-ra-propylbenzodiazepines have been 
prepared by condensation reactions involving /3-ketoaldehydes and o- 
phenylenediamine, 17 and a series of 2,3-cycloalkenobenzodiazepines was 

“ H. D. Stachel, Chem. Ber. 95, 2172 (1962). 

17 1.1. Lapkin and F. G. Saitkulova, Zh. Org. Khim. 6, 450 (1970); J. Org. Chem. USSR 
6, 450 (1970). 
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obtained by reaction of o-phenylenediamine with 2-hydroxymethylene- 
cycloalkanones. 18 

A number of /3-dialdehydes have been condensed with o-phenylene¬ 
diamine to give 3-substituted benzodiazepines, for example, phenylmalon- 
dialdehyde, 19 ' 20 bromomalondialdehyde, 20 and nitromalondialdehyde. 21 ’ 22 
The parent unsubstituted 1,5-benzodiazepine has also been obtained in 
this way from a tetracetal of malondialdehyde. 23 

These condensation reactions between o-phenylenediamine and /3-di- 
carbonyl compounds are strongly pH-dependent. Thus in aqueous solution 
the maximum yield of benzodiazepine was obtained from acctylacetone in 
solutions buffered to pH ~ 5 24 ; the yield dropped to zero at pH greater 
than 8. In the reactions of aliphatic or alicyclic 1,2-diamines with /3-dike- 
tones alternative products, e.g. 12, are obtained in weakly alkaline solu¬ 
tion. (See preceding chapter.) No such products have been isolated from 
the related condensation reactions involving aryl-o-diamines but an in¬ 
vestigation 23 of the production of 2,4-dimethylbenzodiazepino from acetyl- 
acetone and o-phenylenediamine in buffered aqueous solutions showed 
that there was a minimum in the yield-pH curve at pH 6.0 and that the 
benzodiazepine was contaminated with another product which could not 
be obtained pure but whose IR spectrum was consistent with its being 
analogous to 12. 


CHNHCMe — CHCOCH 3 
CHNHCMe =CHCOCH 3 
(12) 

Condensations between o-phenylenediamine and /3-diketones also pro¬ 
ceed in aprotic solvents. Thus alternative methods for the preparation of 
benzodiazepines have involved heating the hydrochloride of the diamine 
with a solution of the diketone in benzene, 7 heating the amine and dike¬ 
tone in dry xylene containing toluene-p-sulfonic acid, 6 and passing dry 
hydrogen chloride through an ethereal solution of the reactants. 23 In the 
latter method the benzodiazepinium dihydrochloride precipitates out and 
is converted into the monoacid salt by addition of water. 

Substituted o-phenylenediamines have also been used for the prepara- 

18 M. Weissenfels, W. Thust, and M. Miihlstadt, J. Prakt. Chem. 292, 117 (1963). 

18 H. Rupe and A. Huber, Helv. Chim. Acta 10, 846 (1927). 

20 W. Ruske and E. Hufner, J. Prakt. Chem. 18, 156 (1962). 

21 F. E. King and P. C. Spensley, J. Chem. Soc., 2144 (1952). 

22 W. H. Stafford, D. H. Reid, and P. Barker, Chem. Ind. (London), 765 (1956). 

28 D. Lloyd, R. H. McDougall, and D. R. Marshall, J. Chem. Soc., 3785 (1965). 

24 C. A. C. Haley and P. Maitland, J. Chem. Soc., 3155 (1951). 
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tion of benzodiazepines. 23 ' 25 Pure samples of substituted o-phenylene- 
diamines, especially those having further electron-donating substituent 
groups present, are sometimes difficult to obtain. To overcome this prob¬ 
lem, a modified procedure has been used 23 in which an o-nitro amine was 
reduced by means of hydrazine hydrate in the presence of Raney nickel ; 26 
immediately after decomposition of the excess of hydrazine hydrate the 
resultant solution of diamine was filtered directly into a solution of the 
diketone. The diamine was thus protected from oxidation throughout its 
preparation by the excess of hydrazine present. 6-Phenylbenzodiazepine 
was similarly prepared from the o-nitroamine (13) by its reduction with 
iron and acetic acid or tin and hydrochloric acid. 19 


2 Fe, ch 3 co 2 h 

NHCH =CPhCHO 

(13) 

Bisbenzodiazepines have been prepared by the condensation of the 
tetrahydrochlorides of 1,2,4,5-tetraminobenzene or 3,4,3',4'-tetramino- 
biphenyl with acetylacetone in the presence of base. 27 

Naphthodiazepines have been obtained from diaminonaphthalenes. 
1,2-Diaminonaphthalene condensed with acetylacetone, 23 ’ 28 benzoyl- 
acetone 28 or dibenzoylmethane 28 in methanol-acetic acid, and addition of 
acid gave salts of the naphthodiazepines (14). In the case of benzoylacetone 





(14) (15) (18) 


a monoanil (15) could also be obtained if no acid were added. 28 This anil 
was rapidly hydrolyzed with concomitant formation of a 2-methylnaph- 
thimidazole, but if treated with acid was converted into the naphtho- 
diazepine (14, R = Me, R' = Ph). 

2,3-Diaminonaphthalene also reacts with the appropriate diketones in 
alcohol-acetic acid followed by addition of mineral acid to give the naph- 


** K. V. Levshina, T. A. Andrianova, and T. S. Safonova, Zh. Org. Khim. 5, 175 (1969); 

J. Org. Chem. USSR 5, 171 (1969). 

“ D. Balcom and A. Furst, J. Amer. Chem. Soc. 75, 4334 (1953). 

27 R. L. Williams, J. Schuller, and D. Lloyd, J. Heterocycl. Chem. 5, 147 (1968). 
a * W. Ried and W. HOhne, Chem. Ber. 87, 1801 (1954). 
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thodiazepines (16, R = R' = Me; R = Me, R' = Ph; R = R' = Ph). 23 29 
If no acid is added, acetylacetone and benzoylacetone give anils correspond¬ 
ing to 15 but dibenzoylmethane does not condense at all. 29 It appears that 
in the absence of acid catalysis, aryl ketones are insufficiently reactive to 
condense with the diaminonaphthalenes. 

2,3-Amino-l ,4-naphthoquinone only gave monoanils with /3-diketones, 
even in the presence of mineral acid. 30 

An alternative approach to the synthesis of benzodiazepines involves 
the reaction of /3-chlorovinyl carbonyl compounds with o-phenylenedi- 
amine. In the first example methyl /3-chlorovinyl ketone was used to ob¬ 
tain 5-methylbenzodiazepinium chloride. 31 An extensive investigation 
has been made of the use of /3-chlorovinylaldchydes for the preparation of 
2,3-substituted benzodiazepines. 32 ' 33 The preferred conditions for re¬ 
action were in alcoholic hydrogen chloride. By this means a variety of 
2-aryl-, 2,3-cycloalkeno-, and 2,3-diarylbenzodiazepines was prepared. 
If no acid is present an uncyclized anil results, formed by condensation 
of one amino group with the aldehyde. Since the /3-chlorovinylaldehydes 
are themselves readily obtained by reaction of a-methylene ketones with 
phosphoryl chloride and N , iV-dimethylformamide or iV-methylformani- 
lide, 34 this provides an attractive route to 2,3-disubstituted benzodiazepines. 

Benzodiazepines and naphthodiazepines (16) have also been pre¬ 
pared by addition and condensation of o-phcnylenediamine, iV-methyl- 
and iV-phenyl-o-phenylenediamines, and 2,3-diaminonaphthalene with 
a-alkynyl ketones. 34 ® 

Claims 35 that 2,3,4-triphenylbenzodiazepine is obtained by conden¬ 
sation of o-phenylenediamine with three equivalents of benzaldehyde were 
later 36 shown to be incorrect; the products were in fact benzimidazoles. 


29 W. Ried and E. Torinus, Chem. Ber. 92, 2902 (1959). 

89 G. A. Efimova and L. S. Efros, Zh. Org. Khim. 3, 162 (1967); J. Org. Chem. USSR 
3, 157 (1967). 

31 W. Ruske and G. Grimm, J. Prakt. Chem. 18, 163 (1962). 

32 M. Weissenfels, Z. Chem. 4, 458 (1964). 

33 M. Weissenfels, H. Schurig, and G. Hiihsam, Chem. Ber. 100, 584 (1967). 

34 Z. Arnold and J. 2emli6ka, Proc. Chem. Soc., 227 (1958); Coll. Czech. Chem. Commun. 
24, 2385 (1959); Y. V. Quang, P. Cadiot, and A. Willenart, C. R. Acad. Sci. 248, 
2356 (1959); W. Ziegenbein and W. Lang, Chem. Ber. 93, 2743 (1960); 95, 2321 (1962); 
K. Bodendorf and R. Mayer, ibid. 98, 3554 (1965); J. M. F. Gagan, A. G. Lane, and 
D. Lloyd, J. Chem. Soc. C, 2484 (1970). 

318 W. Ried and E. Konig, Ann. Chem. 755, 24 (1972). 

38 S. Weil and H. Marcinkowska, Rocz. Chem. 14, 1312 (1934); Chem. Abstr. 29, 6233 
(1935); N. V. Subba Rao and C. V. Ratnam, Current Sci. (India) 24, 299 (1955); 
Chem. Abstr. 50, 12992 (1956). 

38 V. Veeranagaiah, C. V. Ratnam, and N. V. Subba Rao, Indian J. Chem. 8, 790 (1970). 
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In conclusion, it may be noted that attempts to obtain benzodiazepines 
by dehydrogenation either of 2,3-cyclohexano-2,3-dihydrodiazepines or 
of 2,3-benzotetrahydrodiazepines were unsuccessful. 23 Thus there is obvi¬ 
ously no great energetic driving force toward the formation of benzodia¬ 
zepines, which is in accord with their relatively low stability. 


III. Spectra and Structure 

All spectroscopic methods indicate that benzodiazepines exist in the 
dianil form 1 rather than in the isomeric conjugated forms 2 or 3. However, 
it has been noted 4 that when a solution of the purple 2,4-dimethylbenzo- 
diazepinium hydrochloride was basified, a yellow solution resulted which, 
after a few seconds, turned colorless. This was attributed to initial forma¬ 
tion of the conjugated base (2) which rapidly tautomerized to the normal 
dianil form. 4 

Thus the infrared spectra of a number of 2,4-dialkyl and 2,4-diaryl- 
benzodiazepines show no peaks due to NH groups but do indicate the 
presence of a methylene group. 5 ’ 8 ' 20 This was confirmed by their NMR 
spectra, 37-39 which also showed the presence of the 6-methylene group; 
this appears as a singlet at 37° at r 7.30 in the case of the 2,4-dimethyl- 
compound. In the monocation, however, a methylene signal is no longer 
evident but is replaced by a methine signal at r ~ 2.5, indicating that 
these cations have structure 4 39 ' 40 ; the spectrum also shows the symmetry 
of these salts as required by their mesomeric structure. Formation of the 
dication results in the reappearance of a methylene signal (r 5.3 for the 
2,4-dimethyl compound), showing that protonation of the monocation 
occurs at the 6-position rather than on nitrogen. 38 Both the 3-H and N-H 
undergo hydrogen-deuterium exchange in deuteriosulfuric acid. 38 

Although the methylene signals of benzodiazepine bases appear as 
singlets at normal operating temperatures, at lower temperatures they 
give rise to double doublets. 41 The results demonstrate that the benzo¬ 
diazepine molecules take up boat conformations (17) which are, however, 
rapidly inverting at room temperature. For the compounds studied A G$ 
for inversion lay in the range 11-13 kcal mole. -1 Phenyl groups at posi- 

37 J. A. Barltrop, C. G. Richards, and D. M. Russell, J. Chem. Soc., 1423 (1959). 

38 H. A. Staab and F. Vogtle, Chem. Bar. 98, 2701 (1965). 

39 W. J. Barry, I. L. Finar, and E. F. Mooney, Spectrochim. Acta 21, 1095 (1965). 

40 W. Paterson and G. R. Proctor, J. Chem. Soc., 485 (1965). 

41 A. Mannschreck, G. Rissmann, F. Vogtle, and D. Wild, Chem. Ber. 100, 335 (1967). 
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tions 2 and 4 cause an increase in A G% compared with methyl groups; this 

H 

H 

R 

(17) 

was ascribed to their having greater steric requirements in the transition 
state. 41 

Also in accord with their dianil structure, benzodiazepine bases have 
absorption bands in their electronic spectra at ~260 nm, similar to that 
of benzylideneaniline. 5 The intensities of these bands increase enormously 
in the monocations, which also show bands at ~500 nm which are respon¬ 
sible for the color of these salts. 5 ' 23 ' 42 These long-wavelength bands dis¬ 
appear again in the dications which have maxima at ~260 nm, compara¬ 
ble to those in the bases. 23 ' 42 The long-wavelength absorption in the 
monocations is thus connected with the conjugated system present in 
this benzodiazepinium system. It is suggested that these long-wavelength 
absorptions are associated with n-ir* transitions. 42 This is supported by 
the fact that change from methanol to dimethyl sulfoxide as solvent causes 
a red shift in these maxima. 42 



IV. Basicity 

1,5-Benzodiazepines are very much weaker bases than 2,3-dihydro- 
diazepines. Furthermore the monocations require much less strong acid 
than do dihydrodiazepinium cations to convert them into the correspond¬ 
ing dications. The p K value for the base (1) to monocation (4) equilibria 
has been determined as 4.5 (2,4-dimethyl, potentiometric) 4 ' 43 and 5.76 
(2,4-dimethyl, spectroscopic). 44 The presence of 2(4)-phenyl groups lowers 
the basicity still further. 44 The p K value for the monocation to dication 
equilibrium is ~ —1. The benzodiazepinium cation is thus obviously a 
much less stabilized system than is the dihydrodiazepinium cation. 45 The 
low basicity of benzodiazepines is associated with this fact, with the inter¬ 
action between the amine groups and the benzene ring, and also with the 

42 H. P. Cleghorn, J. E. Gaskin, and D. Lloyd, Rev. Latinoamer. Quim. 2, 103 (1971). 

43 G. Schwarzenbach and K. Lutz, Helv. Chem. Acta 23, 1162 (1940). 

44 S. Veibel and J. I. Nielsen, Mat. Fys. Medd. Dan. Vid. Selsk. 35, No. 6 (1966). 

46 Cf. D. Lloyd and D. R. Marshall, Chem. Ind. {London), 335 (1972). 
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necessity for tautomeric change of the base to the less favored conjugated 
form on cation formation. This last factor, of course, complicates the situa¬ 
tion concerning the equilibrium 1 ±=; 4; this is really a combination of two 
equilibria 1 ±=; 2 4. A p K value of 9 has been assigned to the equilibrium 

2 ^ 4. 43 


V. Stability and Hydrolysis 

Benzodiazepines and benzodiazepinium salts undergo ring contraction 
to give benzimidazoles when heated in aqueous solution. 2 ' 5 ' 18 ' 23 This 
presumably proceeds via ring-opening of the seven-membered ring to form 
a monoanil, with subsequent hydrolysis and ring closure to form a five- 
membered ring (Scheme 2). 



Scheme 2 


The latter steps, essentially irreversible, control the overall reaction. Thus 
2,4-dimethylbenzodiazepine gives acetone and 2-methylbenzimida- 
zole, 2 ' 5 ' 23 while 2-methyl-4-phenylbenzodiazepine gives a mixture of ace¬ 
tone, acetophenone, and 2-methyl- and 2-phenylbenzimidazoles. 2 The 
same ring contraction also ensues when aqueous solutions of benzodiaze¬ 
pines or their salts are kept at room temperature. It seems likely that with 
solutions of the salts, free base, present to some extent in equilibrium with 
the cation, may be the species involved in hydrolysis, since addition of 
traces of mineral acid greatly retards the rate of formation of benzimi¬ 
dazole. 23 Solutions in methanol are much more stable and solutions in 
methanol containing small amounts of mineral acid apparently keep in¬ 
definitely. 23 
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2,3-Disubstituted benzodiazepines appear to be more readily hydrolyzed 
than 2,4-disubstituted analogs. 33 Hydrolysis involves attack at the 2- or 
4-position and is easier in the absence of a blocking substituent. 

The concentration of ring-opened monoanil can only be small, and in 
the case of a number of benzodiazepines none could be detected spectro¬ 
scopically. 5 However the presence of electron-withdrawing substituents 
in the benzene ring assists nucleophilic attack at the 2(4)-position of the 
diazepine ring and in the case of 2,4-dimethyl-7-nitrobenzodiazepine the 
formation of the monoanil in methanolic alkali could readily be detected 
spectroscopically. 23 ' 25 Addition of acid led to instant reformation of the 
benzodiazepine. 23 Reduction of the anil with Raney nickel as catalyst led 
to the formation of 2,4-dimethyl-7-aminobenzodiazepine; 25 presumably 
the 4-nitro group is reduced to a 4-amino group which activates the 1- 
amino group to undergo ring closure with reformation of the diazepine 
ring (Scheme 3). 



(or tautomer) 

Scheme 3 


Both naphtho[l ,2]- and naphtho[2,3]diazepinium salts undergo 
similar ring contractions to form naphthimidazoles when heated in aqueous 
solutions. 28 ' 29 

Dry distillation of benzodiazepinium salts may also lead to formation 
of a ketone and a benzimidazolium salt. 23 A number of benzodiazepinium 
salts contain water of crystallization and this, or adsorbed water, must 
presumably participate in the reaction. It is possible that some of the 
quoted melting points of benzodiazepinium salts are in fact those of the 
benzimidazolium salts, interconversion having taken place at a lower 
temperature. 



DOUGLAS LLOYD AND HARRY P. CLEGHORN [Sec. VII. 


Further evidence for the presence of trace amounts of ring-opened 
benzodiazepine products in aqueous solution comes from the observations 
that such solutions give the reactions of the dicarbonyl compound and 
diamine from which the benzodiazepine is derived. Thus with phenyl- 
hydrazine, solutions of benzodiazepines form pyrazoles derived from the 
dicarbonyl fragment; for example, 2,4-dimethylbenzodiazepine gives 
rise to 3,5-dimethyl-l-phenylpyrazole. 2 ' 5 ' 46 Similarly, diacetyl reacts 
with solutions of benzodiazepines to give quinoxalines derived from the 
diamine. 5 ' 46 The diazepine (7, R = Ph) gives 1,3,l',3'-tetraphenyl-5,5'- 
dipyrazolyl, but its methyl analog (7, R = Me) reacts only in the side 
chain to form a 2-methyl-4-pyrazolylbenzodiazepine. 8 


VI. Theoretical Studies 

A Hiickel model similar to that used for dihydrodiazepines has been 
applied to benzodiazepines. 42 A correlation was obtained between the 
longest-wavelength transition and the lowest unoccupied Hiickel molec¬ 
ular orbital parameter for benzo- and naphthodiazepines, which, it was 
suggested, indicated that these were n-ir* transitions. 

A correlation between the proton chemical shift parameter for the 
3-proton of the diazepine ring and the charge density at the 3-carbon 
atom was also demonstrated. 42 The results were quite distinct and separate 
from those obtained for dihydrodiazepines. 


VII. Electrochemical Studies 


Apart from a determination of the p K„ of the 2,4-dimethylbenzodi- 
azepinium perchlorate 4 (see Section IV) there have been no reliable elec¬ 
trochemical studies on 1,5-benzodiazepines, although the related series 
of 1,4-benzodiazepines has been studied extensively by electrochemical 
techniques. 47 Perhaps the main reason for the paucity of data on the pre¬ 
sently reviewed compounds is their relative instability in aqueous solution 
which makes it difficult to determine whether observed values are due to 
the compound under examination or to decomposition products. 

44 J. A. Barltrop and C. G. Richards, Chem. Ind. (London), 466 (1957). 

47 D. Halot, Prod. Probl. Pharrn. 35, 106 (1970). 
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VIII. Reduction and Oxidation 

A benzodiazepine 37 and a naphtho[2,3]diazepine 29 have been re¬ 
duced catalytically to tetrahydrodiazepines, but a naphtho[l ,2]diaze- 
pine was reduced only very slowly over Raney nickel. 28 2,4-Dimethyl-7- 
nitro-1,5-benzodiazepine was reduced catalytically v 7 ith Raney nickel 
to give the corresponding aminobenzodiazepine without reduction of the 
diazepine ring. 25 2,4-Dimethylbenzodiazepine was not reduced by lithium 
aluminum hydride. 23 

2,4-Dimethylbenzodiazepine undergoes ring contraction to give 
2-acetyl-3-methylquinoxaline on treatment with peracids, 5 ' 37 . 46 but 
2,4-diphenylbenzodiazepine gives o-(benzoylamino)-a-hydroxyphenylace- 
tanilide and not a quinoxaline. 48 It has been suggested that both oxida¬ 
tions initially involve attack at the 3-position to form a 3-hydroxy deriva¬ 
tive. 5 ' 48 It is probable 5 that this hydroxy compound is oxidized further to 
a 3-ketone, which then undergoes ring-opening followed by ring closure 
to give a quinoxaline, which may then suffer oxidative cleavage in the 
case of the diphenyl compound (Scheme 4). 



Scheme 4 


Oxidation of solutions of benzodiazepines in benzene or acetic acid with 
a high-pressure mercury arc in oxygen also causes oxidative ring contrac¬ 
tion to give quinoxalines. 49 Since hydrolytic cleavage is ruled out in this 
case a photolytic norcaradiene-type rearrangement of the intermediate 
ketone to a quinoxaline was suggested (Scheme 5). 

41 M. Matsumoto, A. Iio, and T. Yonezawa, Bull. Chem. Soc. Jap. 43, 281 (1970). 

4t M. Matsumoto, Y. Matsumura, A. Iio, and T. Yonezawa, Bull. Chem. Soc. Jap. 
43, 1496 (1970). 
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Scheme 5 


When a low-pressure mercury arc was used, 2,4-dimethylbenzodiazepine 
again gave a quinoxaline whereas 2,4-diphenylbenzodiazepine gave low 
yields of o-bis(benzoylamino)benzene and 2,4-diphenylbenzodiazepin-3- 
one. 50 

Oxidation of 2,4-dimethylbenzodiazepine with ferric chloride led to 
the formation of 2,3-diaminophenazine. 46 


IX. Substitution Reactions 

2,4-Dimethylbenzodiazepine was mono-iV-tosylated by means of tolu- 
ene-p-sulfonyl chloride in pyridine. 40 

2,3-Dihydro-1,4-diazepinium salts readily undergo electrophilic substitu¬ 
tion at the 6-position (see previous chapter) but attempts to nitrate 2,4- 
dimethylbenzodiazepinium salts, using either cupric nitrate or urea nitrate, 
produced only intractable tars, and bromination by means of bromine 
in acetic acid resulted in tetrabromination of the benzene ring only. 23 
However, 2,4-diphenylbenzodiazepine coupled with p-nitrobenzenedia- 
zonium chloride to give a product which is probably the p-nitrophenyl- 
hydrazone of 2,4-diphenylbenzodiazepin-3-one. With sodium nitrite in 
acetic acid 2,4-dimethylbenzodiazepine gave a mixture of 2-methylbenzi- 
midazole (formed by hydrolytic ring contraction), 2-acety 1-3-methyl 
quinoxaline, presumably formed by nitrosation at the 3-position, followed 
by hydrolysis and rearrangement, and mono-iV-nitrosated benzodiaze¬ 
pine. 5 

In basic conditions both the 3-methylene group and 2(4)-methyl groups 
should be susceptible to electrophilic attack owing to the adjacent imine 
groups. 2,4-Dimethylbenzodiazepine reacted with methyl iodide in liquid 
ammonia to give 2,3,4-trimethylbenzodiazepine. 5 


T. Yonezawa, H. Matsumoto, and H. Kato, Bull. Chem. Soc. Jap. 41, 2543 (1968). 
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With aryl aldehydes in the presence of base, 2,4-dimethylbenzo- 
diazepine undergoes condensation at the methyl groups to give mono or 
bis benzylidene derivatives; 5 ’ 44 2,4-diphenylbenzodiazepine would not 
condense with benzaldehyde. 9 

2,4-Dimethyl- and 2-methyl-4-phenylbenzodiazepines reacted with 
oxalic ester at both the 3-position and 2-methyl group to give products 



R = Me or Ph 

(18) 


18.® 44 51 In the case of 2-methyl-4-phenyldiazepine, the 2-oxalyl derivative 
could also be obtained under different conditions. 44 Halogen atoms sub¬ 
stituted on 2(4)-methyl groups readily undergo nucleophilic substitution; 
thus 2,4-bis(bromomethyl)benzodiazepine gives the 2,4-bis(iodomethyl) 
analog with sodium iodide in acetone." 


X. 3-Oxo- and 3-Methylenebenzodiazepines 

Derivatives of 3-oxo-benzodiazepines are of interest as hetero analogs 
of 4,5-benzotropone. 

A 3-oxobenzodiazepine was not obtained until 1968, and then only in 
1.4% yield, by oxidation of 2,4-diphenylbenzodiazepine by means of a 


S. Veibel and J. I. Nielsen, Chem. Ber. 99, 2709 (1966). 
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low-pressure mercury arc in an atmosphere of oxygen. 50 The infrared 
spectrum (i>c=o = 1680 cm -1 ) does not suggest any marked dipolar char¬ 
acter. This ketone is very unstable. In acid it readily loses carbon monoxide 
to form 2,3-diphenylquinoxaline. 

Two alternative unsuccessful approaches to the preparation of 3-oxo- 
benzodiazepines involved the 3-hydroxyimino- and 3-methylenebenzo- 
diazepines. 

3-Hydroxyimino-2,4-dimethylbenzodiazepine was prepared by con¬ 
densation of o-phenylenediamine with 3-hydroxyiminopentane-2,4-dione 
in refluxing benzene. 6 ' 46 Attempts to hydrolyze the hydroxyimino group 
to a ketone group were unsuccessful. Mineral acids caused hydrolytic 
ring contraction to the oxime of 2-acetyl-3-methylquinoxaline, or under 
more vigorous conditions to 2-acetyl-3-methylquinoxaline itself. 5 ' 46 Acetic 
acid or oxalic acid produced 2-methylbenzimidazole, 5 while alkali gave, 
among other products, o-phenylenediamine, its diacetyl derivative, 2- 
methylbenzimidazole, and 2-hydroxy-3-methylquinoxaline. 5 ' 46 When the 
hydroxyiminobenzodiazepine was heated with dilute acid and acetylace- 
tone hydrolysis was followed by recombination of o-phenylenediamine 
with acetylacetone, the product being a 2,4-dimethylbenzodiazepinium 
salt. 5 ' 46 The hydroxyiminobenzodiazepine was also cleaved by hydroxyl- 
amine hydrochloride or hydrazine and its derivatives. 52 Warm hydroxyl- 
amine hydrochloride gave the anti -oxime of 2-acetyl-3-methylquinoxaline 
but at room temperature gave the m-oxime. Hydrazine cleaved the mol¬ 
ecule to give o-phenylenediamine or, in the presence of acid, 2,3-diamino- 
phenazine. A variety of acyl-, thioacyl-, and arylhydrazines gave some 
o-phenylenediamine and reasonable yields of the corresponding hydra- 
zones of 2-acetyl-3-methylquinoxaline. It was suggested that reaction 
may proceed to some extent via partial hydrolysis of the benzodiazepine, 
but the nature of the by-products shows that some complete hydrolysis 
must also take place. 52 A different reaction obtains when this diazepine is 
treated with either semicarbazide, thiosemicarbazide or iV-methylthio- 
semicarbazide, the hydroxyimino group being replaced by the correspond¬ 
ing semicarbazone group. 53 

2,4-Dimethyl-3-(diphenylmethylene)benzodiazepine was prepared by 
condensation of o-phenylenediamine with 3-(diphenylmethylene) pen¬ 
tane-2,4-dione in ethanol-acetic acid. 9 3-Methylenepentane-2,4-diones 
monosubstituted in the methylene group do not condense under these 

“ C. N. O’Callaghan and D. Twomey, J. Chem. Soc. C, 600 (1969). 

53 V. C. Barry, M. L. Conalty, C. N. O’Callaghan, and D. Twomey, Proc. Roy. Irish 

Acad., Sect. B 65, 309 (1967). 
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conditions. 9 3-Benzylidenepentane-2,4-dione on reaction with o-phenylene- 
diamine in piperidine gave 2-phenylbenzimidazole together with some 
2,4-dimethylbenzodiazepine, possibly formed by hydrolysis of initially 
formed 3-benzylidene-2,4-dimethylbenzodiazepine; 6 in ethanol-acetic acid 
the sole product was 2-phenylbenzimidazole. 5 
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I. Introduction and Nomenclature 

The fusion of a benzene ring at the b, c, and/or d edge of azepine gives 
rise to three isomeric benzazepines, i.e., 1 (R 1 -R 5 = H), 2, and 3 (R 1 - 


45 
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R 5 = H), respectively. Derivatives of these parent bases have been known 
since the early 1900s. The benzazepine skeleton has been found to be a 
component of natural products, e.g., Amaryllidaceae and Papaveraceae 
alkaloids. Derivatives of the benzazepines have been of interest to medicinal 
chemists for their wide range of biological activity. 



R* R» 

(1) (2) (3) 


A variety of names have been used in the literature to identify deriva¬ 
tives, especially perhydro derivatives, of 1 (R*-R 6 = H), 2, and 3 (R 1 - 
R 5 = H): homotetrahydroquinoline, asym- and si/m-homotetrahydro- 
isoquinoline, homodihydrocarbostyril, homodihydroisocarbostyril, aza- 
benzocycloheptene, benzohexamethyleneimine, and azabenzotropolone 
are examples of a few. Chemical Abstracts and “The Ring Index” 1 have 
designated 1 (R'-R 5 = H), 2, and 3 (R*-R 5 = H) as \H-\-, 2H-2-, and 
3//-3-benzazepine, respectively, using the “indicated hydrogen” method 
to fix the position of the double bond in the heterocyclic ring of these 
compounds. These systematic names are now in common use. However, 
the trivial names can still be found even in the newest literature; entries 
of this kind are also found in the older indexes of Chemical Abstracts. 

Although the chemistry of the benzazepines has received considerable 
attention over the past seven decades, only brief reviews have so far 
appeared; Moore and Mitchell 2 treated the chemistry of the benzazepines 
in the context of other seven-membered nitrogen heterocyclics and the 
synthesis of 3-benzazepines has been briefly reviewed by Gardent. 3 

It is the attempt of this review comprehensively to discuss the chem¬ 
istry of the benzazepines; a short treatment of their biological activity 
has also been included. 

It is hoped that all major papers which appeared upto June 1972 have 
been cited. Original papers have been examined; only those which are 
quoted with a reference to Chemical Abstracts have been used as digested 
by Chemical Abstracts. 

1 A. M. Patterson, “The Ring Index.” Amer. Chem. Soc., Washington, D. C., 1960. 

3 J. A. Moore and E. Mitchell, in “Heterocyclic Compounds” (R. C. Elderfield, ed.), 

Vol. 9, Chapter 3. Wiley, New York, 1967. 

8 J. Gardent, Chim. Ther. 1, 146 (1966). 
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II. Methods of Synthesis 

A. Ring Closure, C—N Type 

Ring closure with the formation of a carbon-nitrogen bond, of the 
types A-E shown in Fig. 1, has been used to synthesize derivatives of 
1-, 2-, and 3-benzazepines, with aminocarboxylic acids, amino halides, 
dihalides, dinitriles, dicarboxylic acids, and carboxylic acid diamides as 
starting materials. The yields were generally fair to good. In some cases 
preferential formation of a five- or six-membered ring was observed. 

1. 1-Benzazepines 

The first compound in the 1-benzazepine series was prepared by von 
Braun, 4 who observed that 4-(2-aminophenyl)butyric acid (4, R 1 = R 2 = 
H), when freed from its salts, spontaneously cyclized to give 5 (R'-R 8 = 
H) almost quantitatively. The spontaneity of this ring closure was later 



R* R 4 

(4) (5) 


questioned 5 when it was claimed that only heating the acid above its 



(D) (E) 


Fig. 1 . Benzazepine formation by carbon-nitrogen ring closure. 

4 J. von Braun, Chem. Ber. 40, 1834 (1907). 

5 G. Schroeter, A. Gluschke, S. Goetzky, J. Huang, G. Irmisch, E. Laves, 0. Schrader, 

and G. Stier, Chem. Ber. 63, 1308 (1930). 
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melting point gave the lactam. It was not possible 4 to cyclize the acylated 
acid 4 (R 1 = H; R 2 = COPh). An attempt to convert the hydrochloride 
salt of 6 (R = NH 2 ) into 7 (R 1 = R 2 = H) by distillation failed. However, 
heating 6 (R = Cl) with alkali gave a good yield of 7(R' = R 2 = H); 


H 



(6) (7) 


the latter could be also prepared directly from 5 (R'-R 8 = H), without 
isolating the intermediates, by reducing the lactam with sodium in alcohol 
followed by treatment with excess of hydrochloric acid to give 6 (R = Cl) 
which was cyclized as mentioned above. 6 

The thermal cyclization of 8, with or without solvent, afforded 9 (R 1 = 
H; R 2 = R 3 = Me). Recently, sodium hydride in dimethylformamide 



o 


(8) (9) 

was used 7 to cyclize less reactive derivatives of 8. It was claimed that 
10 (R*-R 3 = H; R 4 = R 5 = Me) or its lactim (11) was obtained from 
9 (R 1 = H; R 2 = R 3 = Me) by bromination followed by dehydrobromina- 
tion; however, the structure proof of 10 (R'-R 3 = H; R 4 = R 5 = Me) 
was in doubt. 7a A later attempt to prepare 10 (R‘-R 3 = H;R 4 = R 5 = Me) 
by the lactamization of 12 was not successful. 8 The reductive cyclization 



( 10 ) ( 11 ) ( 12 ) 


• J. von Braun and B. Bartsch, Chem. Ber. 45, 3376 (1912). 

7 J. Witte and V. Boekelheide, J. Org. Chem. 37, 2850 (1972). 
7 » A. H. Rees, J. Chem. Soc., 3111 (1959). 

8 A. H. Rees, J. Chem. Soc., 3097 (1962). 
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of 13 with tin and hydrochloric acid 9 gave the oxindole (14) instead of 
the lactam (5, R'-R 8 = H; R 4 = C0 2 H; R 5 -R 8 = H). Carrying out the 



reductive cyclization of 15 over palladium on charcoal afforded 10 the 
carbostyril (16). When possible, a five- or six-membered ring is formed 
in preference to a seven-membered ring. 9 ' 10 



2. 2-Bemazepines 

In contrast to the relatively mild reaction conditions required to form 
a lactam from 4 (R 1 = R 2 = H) it was necessary 11 to heat the acid 17 
in vacuo at 190° to obtain 18 (R 1 = R 2 = H). The tetrahydrobenzazepine 



(17) (18) 


19 (R‘-R 7 = H) was prepared by treating 20 (R 1 = Cl, R 2 = NH 2 , 
R3 = R 4 = H) with excess aqueous sodium hydroxide. 12 Likewise, the 
phenolic benzazepine 19 (R 1 = R 3 = R 8 = R 7 = H; R 2 = Me; R 4 = OH; 
R 5 = OMe) was obtained in high yield when 20 (R 1 = OH; R 2 = NHMe; 
R 3 = OCH 2 Ph; R 4 = OMe), prepared from 2-allylisovanilin, was treated 


• H. A. Lloyd and E. C. Horning, J. Amer. Chem. Soc. 76, 3651 (1954). 

10 G. N. Walker, J. Amer. Chem. Soc. 78, 3698 (1956). 

11 J. von Braun and H. Reich, Ann. Chem. 445, 225 (1925). 

12 J. von Braun and F. Zobel, Chem. Ber. 56, 690 (1923). 
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R 4 R s 


(19) (20) 

with thionyl chloride, then with sodium hydroxide, followed by debenzyla- 
tion. 13 In an alternative manner, 20 (R 1 = R 2 = Br; R 3 = R 4 = H) 
reacted exothermically with dimethylamine in benzene to give the 
methobromide of 19 (R 1 = H; R 2 = Me; R 3 -R 7 = H). 14 Using various 
primary and secondary amines, a number of iV-substituted 2-benzazepines 
were thus obtained, the dihalides 20 (R 1 , R 2 = Cl, Br; R 3 = R 4 = H) 
being prepared from 1,3,4,5-tetrahydro-2-benzoxepin. 15-17 The ring 
closure of the diphenylmethanes 21 (R 1 = OEt, NMe 2 , OH; R 2 = Me, 
CH 2 Ph) with hydrogen bromide, hydrogen chloride, or thionyl chloride 


CHCHjCHjR 1 

oc 

^^^CHjNRj 2 

(21) 


to give the appropriate quaternary salts of 19 (R 1 = H; R 2 = Me, CH 2 Ph; 
R 3 —R 7 = H) is the subject of two patents. 18 The sublimation in vacuo of 
the amide 22 (R = H, Me) afforded 23. 19 



(22) (23) 


13 F. Caesar and A. Mondon, Chem. Ber. 101, 990 (1968). 

14 J. von Braun and W. Kaiser, Chem. Ber. 58, 2162 (1925). 

15 A. Rieche and H. Gross, Chem. Ber. 95, 91 (1962). 

13 A. Rieche and E. Hoeft, J. Prakt. Chem. 17, 293 (1962). 

17 B. Belleau, J. Med. Pharm. Chem. 1, 343 (1959). 

13 U. S. Patent 3,242,164; Chem. Abstr. 64, 19576g (1966); U. S. Patent 3,225,031; 
64, 9696g (1966). 

13 H. H. Inhoffen and E. Prinz, Chem. Ber. 87, 684 (1954). 



Sec. II.A.] 


1-, 2-, AND 3-benzazepines 


51 


A previously described new synthetic method for the formation of the 
3-benzazepine system 20 ’ 21 was used to prepare 2-benzazepines. 22 The 
dinitrile 24 gave with gaseous hydrogen bromide at 0° a fair yield of the 
2-benzazepine 25; this structure was assigned by NMR in preference to 



(24) (25) (26) 


26. It is suggested that the carbon of the nitrile group at the unsaturated 
carbon in 24 is destined to bear the bromine atom while the nitrogen 
atom of the nitrile group at the saturated carbon becomes the amino 
group in the reaction product. 22 ’ 23 An analogous intramolecular electrophilic 
attack at nitrogen is the basis of the ring closure of 27, using hydrogen 
chloride as the catalyst, 24 to give 28, and of a recently reported new 



(27) (28) 

synthetic method for 2-benzazepin-l-ones. Phthalaldehydic acid (29) 
condenses with arylacetonitriles to give 30, which is cyclized with poly- 



(29) (30) (31) 

phosphoric acid at 100° to 31. Alternatively, 30 can be hydrogenated 


80 F. Johnson and W. A. Nasutavicus, J. Heterocycl. Chem. 2, 26 (1965); U. S. Patent 
3,205,222; Chem. Abstr. 63, 13226 (1965); U. S. Patent 3,321,466; Chem. Abstr. 
68, 21857 (1968). 

21 J. Gardent, C. R. Acad. Sci. 259, 4724 (1964). 

22 W. A. Nasutavicus and F. Johnson, J. Org. Chem. 32, 2367 (1967). 

22 F. Johnson and R. Madronero, Advan. Heterocycl. Chem. 6, 95 (1966). 

24 G. Simchen, Angew. Chem. Ini. Ed. Engl., 464 (1968). 
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and then cyclized to give 32. The reaction presumably proceeds via the 
formation of an acylium ion from the benzoic acid moiety in 30, which 
attacks the nitrogen of the nitrile group in molecules so constituted as 


(32) 

not to present any opportunity for forming five- or six-membered rings 
under acidic conditions. 25 

3. 3-Benzazepines 

Vigorous conditions were needed to achieve ring closure of 33 into 34 
(R'-R 10 = H). A comparison of the reactivity of aminocarboxylic acids, 


CH 2 CO a H 
■(CH,),NH, 

(33) 

the three acids 4 (R 1 = R 2 = H), 17, and 33 being among them, to give 
lactams led to the conclusion that the ease of lactam formation was de¬ 
pendent on the positions of the carboxyl and amino group. When these 
groups are attached to the benzene ring, cyclization takes place readily, 
while their reactivity decreases with increasing distance from the benzene 
nucleus. 11 The reduction of 34 (R'-R 10 = H) with sodium in ethanol 
afforded 35 (R'-R 8 = H). 26 



(35) 

“ G. N. Walker and D. Alkalay, J. Org. Chem. 36, 461 (1971). 
“ J. von Braun and H. Reich, Chem. Ber. 58, 2765 (1925). 
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The lactamization of aminocarboxylic acids is the last step in the 
recent synthesis of aromatic-substituted 3-benzazepines. 27 The appropriate 
phenethylamines (36, R 1 = H, Me; R 2 = Ac, R 3 = H) were converted by 



(36) 


standard methods into 36 (R 1 = H, Me; R 2 = CH 2 Ph; R 3 = CH 2 C0 2 H), 
which was cyclized by refluxing in a high-boiling solvent with water 
removal to give very good yields of 34 (R 1 = R 2 = R 5 = R 6 = H; 
R 3 = CH 2 Ph; R 4 = H, Me; R 7 , R 8 , R 9 , R'» = H, OMe, 0—CH 2 —0). 
Thermal cyclization of aminocarboxylic acids is also employed in a syn¬ 
thesis of 3-benzazepines by an isoquinoline ring enlargement 28-30 (see 
Section II,E). The dicarboxylic acid 37 or its anhydride 38 was heated 
with concentrated ammonia or N , A-dimethylethylenediamine to give 



the imide 39 (R 1 = Me; R 2 = H, CH 2 CH 2 NMe 2 ). 31 

The reaction of 40 (R = CH 2 Br) with primary aliphatic amines afforded 
the appropriate iV-substituted 3-benzazepine. 32 It has been reported 12 
that 35 (R'-R 8 = H) could not be prepared by eliminating ammonia 
from 40 (R = CH 2 NH 2 ) and that the reduction of 40 (R = CN) with 
sodium in alcohol gave 41 and 40 (R = CH 2 NH 2 ), respectively. 33 However, 
when the reduction of 40 (R = CN) was carried out over Raney nickel 

27 B. Pecherer, R. C. Sunbury, and A. Brossi, J. Heterocyd. Chem. 9, 609 (1972). 

38 J. Chazerain, Thiise de l’Universitd de Paris (Pharmacie), 1962; Ann. Chim. (Paris) 
[13] 8, 255 (1963). 

39 M. Hamon, C. R. Acad. Sci. 255, 1519 (1962); Ann. Chim. (Pans) [13] 10, 213 (1965). 

30 G. Mahuzier and M. Hamon, Bull. Soc. Chim. Fr., 687 (1969). 

31 Ger. Offen. 1,921,861; Chem. Abstr. 72, 31646 (1970). 

32 French Patent 1,473,840; Chem. Abstr. 68, 78160 (1968). 

33 J. von Braun, O. Kruber, and E. Danzinger, Chem. Ber. 49, 2642 (1916). 
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(40) (41) 


in alcohol saturated with ammonia, 35 (R 1 -R 8 = H) was obtained in 83% 
yield. 34 Depending on reaction conditions 40 (R = CH 2 NH 2 ) was also 
formed, 35 however, no 41 was isolated, contrary to the results using sodium 
in alcohol. 33-36 It is suggested 34 that the hydrogenation proceeds via 42, 
43 or 42, 44, 43 —> 35 (R'-R 8 = H). The hydrogenation can also be carried 


^ rx ^CH 2 CH=NH 

k=i:: ^^CH 2 CH 2 NH a 

(42) 



r 


"'(CH 2 ) 2 NH a 

(44) 


out over rhodium on alumina. 37 The ring closure of 40 (R = CN) was 
also achieved by inducing an intramolecular electrophilic attack of one 
nitrile group at the other. The treatment of the dinitrile with hydrogen 
bromide in acetic acid gives 45, which, upon treatment with sodium 
bicarbonate, shifts the carbon-nitrogen double bond to give 46 (R 1 = Br; 



(45) (46) 


R 2 = NH 2 ; R 8 = R 4 = H). The hydrolysis of the latter affords 39 
(R 1 = R 2 = H). Hydrogen iodide can also be used for the reaction; 
however, hydrogen chloride is ineffective. 20-22 ’ 38 The diamide (47) was 
pyrolytically cyclized at 295° into 39 (R 1 = R 2 = H) in good yield but in 
a high-boiling solvent only a poor yield was obtained. 89 


34 P. Ruggli, B. B. Bussemaker, W. Mueller, and A. Staub, Helv. Chim. Acta 18, 1388 
(1935). 

“ P. Ruggli and A. Staub, Helv. Chim. Acta 20, 925 (1937). 

" J. H. Wood, M. A. Perry, and C. C. Tung, J. Amer. Chem. Soc. 73, 4689 (1951). 

87 Swiss Patent 498,123; Chem. Abstr. 74, 125489 (1971). 

88 J. H. Osborn, Dies. Abstr. 19, 2475 (1959). 

39 J. 0. Halford and B. Weissmann, J. Org. Chem. 17, 1646 (1952). 
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,CH 2 CONHj 

'CH 2 CONHj 


(47) 


B. Ring Closure, C—C Type 

The formation of a carbon-carbon bond to construct the seven-membered 
ring of the benzazepines has been achieved by ring closures of the types 
F-L (Fig. 2). The Friedel-Crafts reaction (limited in the 1-benzazepine se¬ 
ries), Dieckmann, acyloin, and aldol condensations, Bischler-Napieralski, 
Vilsmeyer, and Pictet-Spengler-type reactions, and phenolic oxidative 
coupling have been used in the synthesis of the isomeric benzazepines. 


1. 1-Benzazepines 

The Friedel-Crafts intramolecular acylation, so often used in the 
formation of six-membered heterocyclics, proved to be of less value in 
the synthesis of 1-benzazepines. Thus, when 48 (n = 3;R* = Ts;R 2 = OH, 
R3_R5 _ H) was heated with polyphosphoric acid (PPA) the pyrrolidone 
49 (R'-R 3 = H) was the cyclized product. Similarly, the acid chloride 


(F) 


K 

(G) 


(I) 


J 


(J) 


(K) 



(L) 


Fig. 2. Benzazepine formation by carbon-carbon ring closure. 
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R 2 

(49) 


48 (n = 3; R 1 = Ts; R 2 = Cl; R 3 -R 5 = H) with aluminum chloride gave 

49 (R'-R 3 = H), in addition to p-tolyl phenyl sulfone, instead of the 
expected 50 (R 1 = Ts, R 2 = H). 40 ' 41 *' 42 Even the activation of the aromatic 

R 1 


ring in 48 ( n = 3; R 1 = Ts; R 2 = OH, Cl; R 3 = H; R 4 = R 5 = OMe) 
did not result in attack at the unsaturated carbon; instead ring closure at 
nitrogen took place with simultaneous migration of the tosyl group to 
give the sulfone 49 (R 1 = Ts; R 2 = R 3 = OMe). 418 . 42 Similarly, 51 
(R 1 = R 3 = H; R 4 , R 6 = H, Me; R 2 = OH) gave the imide 52 (R 1 = 
R 2 = H) when treated with aluminum chloride or boron trifluoride 



(52) 


40 B. D. Astill and V. Boekelheide, J. Amer. Chem. Soc. 77, 4079 (1955). 

41 (a) G. R. Proctor and R. H. Thomson, J. Chem. Soc., 2302 (1957); (b) ibid. 2312 
(1957); (c) W. H. Bell, E. D. Hannah, and G. R. Proctor, ibid., 4926 (1964); (d) 
I. McCall, G. R. Proctor, and L. Purdie, J. Chem. Soc. C, 1126 (1970); (e) G. R. 
Proctor, W. I. Ross, and A. Tapia, J. Chem. Soc., Perkin Trans. I, 1803 (1972). 

42 J. T. Braunholtz and F. G. Mann, J. Chem. Soc., 4174 (1957). 



Sec. H.B.] 


1-, 2-, AND 3-benzazepines 


57 


etherate. 7a Only very recently it has been shown by Proctor et al. that the 
use of phosphoryl chloride brings about the ring closure of 48 (n = 3, 
R 1 = Me, R 2 = OH, R 8 -R 5 = H) to give a low yield of 5-chloro-l- 
methyl-2,3-dihydro-l//-l-benzazepine, which can be hydrolyzed to give 
the corresponding l-benzazepin-5-one. 416 

The Dieckmann condensation proceeded satisfactorily with 48 (n = 3; 
R 1 = Me, Ac, Ts; R 2 = OMe; R 3 = C0 2 Et; R 4 = R 5 = H), using 
potassium i-butoxide in toluene, 40 ' 41b ' 43a sodium in xylene, 43b or sodium 
hydride in dimethylformamide or toluene, 41d ’ 41e to give 50 (R 1 = Me, Ac, 
Ts; R 2 = H) in good yields, while the use of sodium or sodium hydride 
in benzene sharply decreased the yields. 43b On the other hand, attempted 
acyloin condensation (Na/C 6 H 6 ) of 48 (n = 2; R 1 = R 4 = R 5 = H; 
R 2 = OMe; R 3 = C0 2 Me) afforded 41 * 1 only the quinolone 53. A reexamina¬ 
tion 410 of the reaction showed that the condensation was sensitive to the 
purity of the solvent; using purified liquid ammonia it was possible, 
albeit in a low yield, to obtain 50 (R 1 = H; R 2 = OH) in addition to 53 
and the keto ether 54 (R 1 = H; R 2 = OEt). Cooke and Haynes 44 claimed 



(53) (54) 


that it was possible to cyclize 51 (R 1 = R 4 = H;R 2 = OMe;R 3 = C0 2 Me; 
R 5 = H, OMe) into 9 (R 1 = C0 2 Me; R 2 = H; R 3 = H, OMe) with 
finely divided sodium in toluene; however, the quinolone 55 (R 1 = R 4 = H; 
R 2 = Me; R 3 = OH; R 5 = H, OMe) was the major product formed. 


Rt ^Y N V° 


Recently, it has been shown that 51 (R 1 = Me, Et; R 2 = OMe; R 3 = 

43 (a) J. T. Braunholtz and F. G. Mann, Ckem. Ind. {London), 266 (1957); (b) J. Chem. 
Soc., 3377 (1958). 

44 R. G. Cooke and H. F. Haynes, Aust. J. Chem. 11, 225 (1958). 
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C0 2 Me; R 4 = R 5 = H) with sodium in toluene at 100° gives a mixture 
of 56 (R 1 = Me, Et; R 2 = C0 2 Me; R 3 = OH; R 4 = H) and 55 (R 1 = Me, 
Et; R 2 = Me; R 3 = OH; R 4 = R 5 = H). Sodium methoxide, in place 
of sodium, increased the yield of the quinolone. 45 A combination of the 
Stobbe and Dieckmann condensations of ethyl anthranilate with diethyl 
succinate in the presence of sodium hydride gave 56 (R 1 = R 4 = H; 
R 2 = C0 2 Et; R 3 = OH). The acid 56 (R 1 = R 4 = H; R 2 = C0 2 H; 


R 1 


R" 



(56) 

R 3 = OH) could not be decarboxylated. 46 Similar resistance to decarboxy¬ 
lation has been observed with a compound obtained by acid hydrolysis 
of 9 (R 1 = C0 2 Me; R 2 = R 3 = H) and assumed to be 9 (R 1 = C0 2 H; 
R 2 = R 3 = H). It has been shown that ring contraction (see Section 
III,A) takes place during the hydrolysis and the compound formed has 
the enolic structure of 55 (R 1 = R 2 = R 4 = R 5 = H; R 3 = OH), which 
would explain the fact that it cannot easily be decarboxylated. 47 Loev 
et al. m have recently reported that the Stobbe condensation of 2-amino- 
5-chlorobenzophenone with diethyl succinate directly gave 55 (R 1 = R 2 = 
R 5 = H; R 3 = Ph; R 4 = Cl) and none of the desired 56 (R 1 = H; R 2 = 
C0 2 H; R 3 = Ph; R 4 = Cl). 

The previously described 49 ring closure of 3-benzoylpropioanilide (57, 
R = H) with ammonium chloride into 56 (R 1 = R 2 = R 4 = H; R 3 = Ph) 
has been disputed 48 and it has been claimed that the reaction product is 58. 


^^^NRCO(CH 2 ) 2 COPh 

u 


.X 


(57) (58) 

45 U. Hoerlein and W. Geiger, Arch. Pharrn. ( Weinheim ) 304, 167 (1971). 

44 H. B. MacPhillamy, R. L. Dziemian, R. A. Lucas, and M. E. Kuehne, J. Amer. 
Chem. Soc. 80, 2172 (1958). 

47 T. A. Geissman and A. K. Cho, J. Org. Chem. 24, 41 (1959). 

41 B. Loev, R. B. Greenwald, M. M. Goodman, and C. L. Zirkle, J. Med. Chem. 14, 
849 (1971). 

4 » A. Bertho, Chem. Ber. 90, 29 (1957). 
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Low yields of 59 (R\ R 2 = H, Me) were obtained by the condensation of 
the appropriate aniline with 2-cyclopentanon-l-acetic acid in acidic 
medium; similarly, aniline treated with levulinic, hippuric, and/or 2- 



(59) 


cyclohexanon-l-acetic acid gave 56 (R 1 = R 2 = R 4 = H; R 3 = Me, Ph). 49 
An unsuccessful attempt was reported to cyclize 48 (n = 3; R 1 = R 2 = 
R 4 = R 5 = H; R 3 = C0 2 H) with acetic anhydride-potassium acetate. 43b 

The carbenium ion resulting from the allylic rearrangement of 60 
(R 1 = Me, Et; R 2 = H, Me; R 3 = Me, Et; R 4 = H, Me) in diluted 
hydrochloric acid electrophilically attacks the benzene nucleus to give 
good yields of the appropriate 61 (R 1 , R 2 , R 3 , R 5 = H, Me, Et; R 4 = 
R 6 = H). 50 


R 3 


R l 


.NR 1 CHR 2 CCH=CHR 4 

d)H 


(60) 


R 6 



R 3 


(61) 


The synthetic method for five- and six-membered rings developed by 
Lansbury 51 has been applied 52 to prepare seven-membered heterocyclics. 
The amino alcohol 62 (R 1 = H, Me; R 2 = Ts; R 3 = H, Cl) treated with 
90% sulfuric acid at -5° afforded 63 (R 1 = H, Me; R 2 = H, Cl). Neither 



50 R. Tiollais, A. Lattes, H. Bouget, T. Huet, and J. Bonnie, C. B. Acad. Sci. Ser. C 267, 
1350 (1968); J. Bonnie, J. Huet, A. Lattes, and H. Bouget, ibid. 272, 672 (1971). 

51 P. T. Lansbury and D. J. Scharf, J. Amer. Chem. Soc. 90, 536 (1968). 

53 D. N. Gupta, I. McCall, A. McLean, and G. R. Proctor, J. Chem. Soc. C, 2191 (1970). 
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formic nor PPA were satisfactory for the reaction. The reaction proceeded 
only with iV-protected amino alcohols; however, protecting groups other 
than tosyl gave unsatisfactory results. 

Heating the ketal 64 (R = Me, Et, iso-Pr, Bu) in aqueous alcohol in 
the presence of mineral acid gave high yields of 1 (R I -R 3 = H; R 4 = Me; 
R 5 = COMe, COEt, COPr-iso, COBu). 53 An attempt to prepare 65 


Ox /O 


a CH a CR 

NHCH=CHCOMe 


(64) 


(R 1 = morpholino; R 2 = R 3 = H) by reacting the imidochloride 66 with 
propargylmagnesium bromide and, in turn, with PPA failed; only the 
lepidine 67 was obtained. 54 



Me 


(65) (66) (67) 

The cyclodehydration of the secondary alcohol 68 (R = H) with 70% 
perchloric acid gave a high yield of 7 (R 1 = H; R 2 = Me) in addition to 
69 (R = H). Similarly, the alcohol 68 (R = Me) gave a high yield of 


C NH(CH 2 ) 2 CHCRMe 2 

r »» 


C NH(CH 2 ) 2 CHRC< 

J 


(68) 


(69) 


7 (R 1 = R 2 = Me) and traces of 69 (R = Me). The cyclization of 69 
(R = H, Me) in this manner gave identical reaction products. The use 
of 60% perchloric acid for the cyclization of 68 (R = Me) gave rise to 
the quinoline 70 rather than the benzazepine 7 (R 1 = R 2 = Me). The 
reaction course is dependent on the acidity of the reaction medium, and 


H. J. Teuber and G. Emmerich, Tetrahedron Lett., 4069 (1970). 
W. Ried and P. Weidemann, Chem. Ber. 104, 3329 (1971). 
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the alternative formation of the six- or seven-membered ring and simul¬ 
taneous formation of the tertiary alcohols is explained on the basis of a 
carbenium ion formed from the secondary alcohols 68 (R = H, Me) 
undergoing ring closure, 1,2-hydride shift, methyl migration, and/or 
solvation. 65 


(70) 


Although the Friedel-Crafts reaction failed to produce the seven- 
membered ring in the 1-benzazepine series, the method has been success¬ 
fully used to prepare 2-benzazepines. The first study by von Braun et ai., 56 
however, showed that the reaction carried out with iV-(2-phenylethyl)- 
glycine chloride (71, n = 2; R 1 = S0 2 Ph; R 2 = Cl) and aluminum chloride 
in nitrobenzene proceeded exothermically with evolution of carbon 
monoxide and hydrogen chloride to give 72 (R = S0 2 Ph). Consequently, 

(CH 2 ) n NR 1 CH a COR 8 


(71) (72) 

with the higher homolog 71 (n = 3; R 1 = Ts; R 2 = Cl) under the same 
conditions, 19 (R l = H; R 2 = Ts; R’-R 7 = H) was obtained in 65% 
yield. 2-Benzazepines substituted in the aromatic ring by alkyl groups 
were prepared similarly. 57 The ring closure could also be achieved by 
merely refluxing 71 (n = 3; R 1 = Ts; R 2 = OH) with phosphorus pentoxide 
in xylene to give 19 (R 1 = H; R 2 = Ts; R 3 -R 7 = H) in 80% yield. 58 
On the other hand, when these reaction techniques were applied to cyclize 
the /3- benzylaminopropionic acid or its chloride (73, R 1 = CH 2 Ph, S0 2 Ph, 
Ts; R 2 = OH, Cl; R 3 = R 4 = H) no cyclized product was obtained due 

55 B. D. Tilak, V. N. Gogte, and T. Ravindranathan, Ind. J. Chem. 7, 24 (1969). 

66 J. von Braun, G. Blessing, and R. S. Cahn, Chem. Ber. 57, 908 (1924). 

57 J. von Braun and K. Wirz, Chem. Ber. 60, 102 (1927). 

58 J. von Braun and O. Bayer, Chem. Ber. 60, 1257 (1927). 
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R 3 S 


-CHjNRHCHJjCOR 3 


R 4 ' 


(73) 

to excessive fragmentation of the starting material. Activation of the 
aromatic ring and the use of PPA as the catalyst also did not lead to the 
desired 2-benzazepin-5-one derivative. 418 Recently it has been shown that 
when the reaction, catalyzed with aluminum chloride, is carried out 
between -70° and +20°, 73 (R 1 = Ts; R 2 = Cl; R 3 = OMe; R 4 = H) 
gives an 86% yield of 74 (R 1 = Ts; R 2 = OMe). 69 The Friedel-Crafts 


R 2 


o 

(74) 

intramolecular acylation of phenylalkylglycines has been studied with 
regard to the effect of temperature and amount of the catalyst on the 
reaction course 60 (see Section II,B, 3). The isothiocyanate 75 heated with 



(75) (76) 


aluminum chloride afforded 76. 61 Aluminum chloride also catalyzed the 
ring closure of 77 (R = Ph) to 78; PPA was not satisfactory. However, 
the same reaction carried out with the terminal acetylene 77 (R = H) 
gave only the isoquinoline 79. 62a The ring closure of the acetylenes was 
previously described 6211 to give compounds of different structure. 


59 1. MacDonald and R. G. Proctor, J. Chem. Soc. C, 1461 (1970). 

90 J. Schlademan and R. Partch, J. Chem. Soc. C, 213 (1972). 

91 Ger. Offen. 1,911,519; Chem. Abstr. 72, 12601w (1970). 

93 (a) J. R. Brooks and D. N. Harcourt, J. Chem. Soc. C, 625 (1969); British Patent 
1,242,963; Chem. Abstr. 75, 140718 (1971); (b) Japanese Patent 4489 (1964); Chem. 
Abstr. 61, 5618h (1964). 
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a CHjNMeCHjCsCR 

CO 


Ph 

(77) (78) 


Me 

(79) 


Von Braun 6 reported that no cyclization occurred when 3-phenyl- 
propylamine was treated with formaldehyde dimethyl acetal. However, 
the Bischler-Napieralski cyclization was later successfully used to prepare 
2-benzazepines. Thus, the spirobenzazepine 80 (R 1 = OMe; R 2 = H) 
was obtained by refluxing 81 with phosphorus pentoxide in benzene; 

R» 


MeO' 


OHCNH 

Oh 2 ) 2 


(80) (81) 

only traces of 80 (R 1 = H; R 2 = OMe) were formed. When PPA was 
used for the cyclization, a 1:1 mixture of both isomers was obtained. 63 
Polyphosphoric esters were found 64 to be an efficient catalyst to cyclize 
82 (R 1 = H; R 2 = H, Me, Ph; R 3 = R 4 = OMe) into 83 (R 1 = H, Me, 
Ph; R 2 = R 3 = OMe). The crude 83 (R'-R 3 = H), obtained from 82 



(82) (83) 

(R 1 - R 4 = H) using PPA-phosphorus pentoxide, was shown to dimerize 
to 84 on standing. The reverse transformation occurred in chloroform. 


(84) 

13 M. Tomita and S. Minami, Yakugaku Zasshi 83, 1022 (1963); Chem. Abstr. 60, 
7998c (1964). 

34 Y. Kanaoka, E. Sato, O. Yonemitsu, and Y. Ban, Tetrahedron Lett., 2419 (1964). 
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The transformations are acid-catalyzed. It is suggested 65 that the pre¬ 
viously 64 prepared compounds 83 (R 1 = H, Me, Ph; R 2 = R 3 = OMe) 
also exist as dimers. Variously substituted 2-benzazepines, which are the 
subject of patents, 66-68 were prepared by the Bischler-Napieralski reaction 
of iV-acylated 3-phenylpropylamines using phosphorus pentoxide 66 ' 67 and 
phosphorus oxychloride-phosphorus pentoxide. 68 The cyclization of N- 
formylated phenylalkylamines (82, R 1 = Me; R 2 = H; R 3 = R 4 = 0— 
CH 2 —0) with phosphorus oxychloride, designated as the Vilsmeyer 
intramolecular reaction, 69 gave an 82% yield of 19 (R 1 = OH; R 2 = Me; 
R 3 = R 4 = R 7 = H; R 5 = R 6 = 0—CH 2 —0). 

The Pictet-Spengler type cyclization has been carried out with 85, 
which on treatment with benzaldehyde or 3,4-dimethoxybenzaldehyde 
and PPA in acetic acid gave 86 [R 1 = Ph, 3,4-(OMe) 2 C 6 H 3 ; R 2 = R 3 = 
R 4 = H; R 5 = R 6 = OMe] in good yields. However, the reaction did 
not proceed with aliphatic aldehydes. An alternative reaction of 85 with 



r^'r 3 


(85) (86) 

s-trioxan and PPA-glacial acetic acid, or with paraldehyde and trifluoro- 
acetic acid, gave 86 (R'-R 4 = H; R 5 = R 6 = OMe). In this manner 
veratraldehyde with 82 (R 1 = R 2 = H; R 3 = R 4 = OMe) gave an 84% 
yield of 19 [R 1 = 3,4-(OMe) 2 C 6 H 3 ; R 2 = CHO; R 3 = R 4 = R 7 = H; 
R 5 = R 6 = OMe]. 76 

Phenol oxidative coupling of 87 (R 1 = Me; R 2 = OMe; R 3 = H) was 
reported 718 to give only very low yields of 88 (R 1 = Me; R 2 = OH; 
R3 = R4 = H ). however, 87 (R 1 = S0 2 Me; R 2 = R 3 = OMe) with 
alkaline ferricyanide afforded an 81% yield of 88 (R 1 = S0 2 Me; R 2 = H; 
R 3 = OH; R 4 = OMe). When the coupling was carried out with 87 

“ I. M. Goldman, J. K. Larson, J. R. Tretter, and E. G. Andrews, J. Amer. Chem. Soc. 
91, 4941 (1969). 

“ Japanese Patent 4488 (1964); Chem. Abstr. 61, 5619g (1964). 

• 7 U. S. Patent 3,409,607; Chem. Abstr. 70, 77827c (1969). 

" U. S. Patent 3,483,186; Chem. Abstr. 72, 121383 (1970). 

•• F. Dallacker, D. Bernabei, R. Katzke, and P.-H. Benders, Chem. Ber. 104,2526 (1971). 

70 R. R. Wittekind and S. Lazarus, J. Heterocycl. Chem. 8, 495 (1971). 

71 (a) D. H. R. Barton and G. W. Kirby, J. Chem. Soc., 806 (1962); (b) R. A. Abramo- 
vitch and S. Takahashi, Chem. Ind. {London), 1039 (1963). 
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(37) 0 

(88) 


(R 1 = H; R 2 = R 3 = OH) no pure cyclized product was obtained. 71 b 
3. 3-Benzazepines 

The initial attempts to cyclize phenylethylglycine chloride (71, n = 2; 
R = S0 2 Ph, Ts; R 2 = Cl) into the corresponding 3-benzazepin-l-one 
with aluminum chloride failed, 56 - 68 or only traces of 89 (R 1 = Ts; R 2 = 
R 3 = R 4 = H) were detected. 418 The cyclization of 71 (n = 2; R 1 = Ts; 



(89) 

R 2 = OH) with PPA gave only 72 (R = Ts). 41a The reaction has received 
a detailed investigation, 60 ' 72 ' 73 and it has been shown that the optimal 
reaction temperature for the formation of the seven-membered ring 
from the acid chloride and aluminum chloride is -10° and that the amount 
of the catalyst used determines whether a six- or seven-membered ring is 
formed. 60 The Friedel-Crafts intramolecular alkylation proceeded success¬ 
fully with iV-(2-chloroethyl)phenethylamines. Substituted propiophenones 
are used as the starting material for patented benzazepines; the usual 
reactions convert the former into styrenes which, in turn, react with 
sodium and ethylenimine to give, via iV-(2-phenylethyl)aziridines, the 
appropriate 90 which on heating with aluminum chloride form the cor¬ 
responding 35 having substituents both in the aromatic and heterocyclic 
ring. 74 Similarly, 91 (R‘-R 3 = H) gave 34 (R'-R 10 = H). 75 

72 M. A. Rehman and G. R. Proctor, J. Chem. Soc. C, 58 (1967). 

73 Ger. Offen. 1,934,150; Chem. Abstr. 72, 90331x (1970). 

74 Ger. Offen. 1,940,512; Chem. Abstr. 73, 120526; Swiss Patent 500,194; Chem. Abstr. 
74, 141586 (1971); S. African Patent 6801,019; Chem. Abstr. 71, 61251 (1969); S. 
African Patent 6804,879; Chem. Abstr. 72, 90330w (1970); S. African Patent 6907,046; 
Chem. Abstr. 73, 120521z (1970). 

73 M. D. Nair and P. A. Malik, Indian J. Chem. 5, 169 (1967). 
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a (CH 2 ) 2 NH(CH 2 ) 2 Cl 


(90) 


R 3 \^\/(CH 2 ) 2 NHC0CH 2 C1 


R l 


(91) 


The photochemical cyclization of iV-chloroacetylphenethylamines has 
been extensively studied by Witkop and co-workers. The irradiation of 
91 (R 1 = R 2 = H; R 3 = OH) with a high-pressure mercury lamp results 
in the ring closure para to the hydroxy group to give 34 (R 7 -R 7 = H; 
Rs = OH; R 9 = R 10 = H) in 70% yield. The corresponding iodoacetyl 
derivative gives only an 11% yield of the product. The cyclization ortho 
to the hydroxyl group occurs with 91 (R 1 = OH; R 2 = R 3 = OMe). 
The course of the photochemical ring closure is dependent on the nature 
and position of the substituent in the aromatic ring of the respective 
phenethylamine. Other compounds than 3-benzazepines are also formed. 
Their structures have been elucidated and a mechanism for the photo- 
cyclization proposed. 76-82 

Although it was possible to cyclodehydrate the benzilamide 92 (R = Ph) 
with concentrated sulfuric acid in acetic acid into 34 (R 1 = R 2 = Ph; 


(CH 2 ) 2 NHCO< ph 
d)H 


(92) 

r8_ri° _ jj) j n 84% yield, an analogous reaction with the mandelic acid 
amide 92 (R = H) did not proceed. 83 Only when the phenethyl ring of 
the mandelic amide was activated with ethoxy groups was 34 (R 1 = Ph; 

71 0. Yonemitsu, T. Tokuyama, M. Chaykovsky, and B. Witkop, J. Amer. Ckem. Soc. 
90, 776 (1968). 

77 0. Yonemitsu, Y. Okuno, Y. Kanaoka, I. L. Karle, and B. Witkop, J. Amer. Chem. 
Soc. 90, 6522 (1968). 

71 0. Yonemitsu, H. Nakai, Y. Kanaoka, I. L. Karle, and B. Witkop, J. Amer. Chem. 
Soc. 91, 4591 (1969). 

79 0. Yonemitsu, Y. Okuno, Y. Kanaoka, and B. Witkop, J. Amer. Chem. Soc. 92, 
5686 (1970). 

•• 0. Yonemitsu, H. Nakai, Y. Kanaoka, I. L. Karle, and B. Witkop, J. Amer. Chem. 
Soc. 92, 5691 (1970). 

91 T. Iwakuma, H. Nakai, 0. Yonemitsu, D. S. Jones, I. L. Karle, and B. Witkop, 
J. Amer. Chem. Soc. 94, 5136 (1972). 

82 Y. Okuno, K. Hemmi, and 0. Yonemitsu, Chem. Pharm. Bull. 20, 1164 (1972). 

• 3 P. A. Petyunin, Zh. Obshch. Khim. 22, 700 (1952); Chem. Abstr. 47, 5385 (1953). 
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R 2 -R 7 = H; R 8 = R 9 = OEt; R 10 = H) obtained using sulfuric acid. 
Better results were obtained with PPA or 100% phosphoric acid, and by- 
using PPA it was also possible 84 to cyclize unactivated 92 (R = H). 
Substituted 1,2,4,5-tetrahydro-37/-3-benzazepines were prepared by 
cyclizing the appropriate tertiary alcohols (93, R 1 , R 2 = H, Me; R 3 , 


.CH 2 CHR 1 NHCH 2 C^ 


R" 

(93) 

R 4 = H, OMe) with sulfuric acid. 85 

The structure of a compound obtained from 94 with concentrated sulfuric 
acid has been the subject of discussion. 86-88 The pyrrole 95 was suggested. 87 



(94) (95) 


This was disputed by Battersby and Yeowell, 88 and finally Sainsbury 
et al. w showed by NMR that the correct structure was 46 [R 1 = H; 
R 2 = 3,4-(OMe) 2 C6H 3 ; R 3 = R 4 = OMe]. In a similar reaction, the 
acetal 96 (R 1 = H, Me; R 2 = H, Ph; R 3 = Me, Et) with boron trifluoride 

a (CH 2 ) 2 NR 1 CHR»CH(OR 3 ) 2 


(96) 

in methylene chloride 90 gave 35 (R 1 = OMe, OEt; R 2 = H, Ph; R 3 = H, 
44 M. Hamon, C. R. Acad. Sci. Ser. C 255, 1619 (1962). 

"U. S. Patent 3,393,192; Chem. Abstr. 69, 96507 (1968). British Patent 1,118,688; 

Chem. Abstr. 69, 106576 (1968). 

“ P. Fritsch, Ann. Chem. 329, 37 (1903). 

87 D. A. Guthrie, A. W. Frank, and C. B. Purves, Can. J. Chem. 33, 729 (1955). 

88 A. R. Battersby and D. A. Yeowell, J. Chem. Soc., 1988 (1958). 

89 M. Sainsbury, D. W. Brown, S. F. Dyke, and G. Hardy, Tetrahedron 25, 1881 (1969). 
98 J. Likforman and J. Gardent, C. R. Acad. Sci. Ser. C 268, 2340 (1969). 
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Me; R 4 -R 8 = H). The condensation of the catecholamines 97 (R = H, 

? H 

.CHCHjNHR 


xx 


(97) 

Me, iso-Pr) with hydrated glyoxylic acid under physiological conditions 
gave good yields of 34 (R 1 = R 5 = R 8 = R 9 = OH; R 3 = H, Me, iso-Pr; 
R 2 = R 4 = R 6 = R 7 = R'° = H). 9192 

Phosphorus oxychloride containing 5% of water catalyzed the ring 
closure of 98 (R 1 = Ms, Ts, S0 2 CH 2 Ph; R 2 = R 3 = H; R 4 = Ph; 



(CH 3 ) 2 N r 1 chr 2 c on( 


/R 3 

X R 4 


(98) 

R 6 = R 6 = OMe, OEt) to give 89 (R 1 = Ms, Ts, S0 2 CH 2 Ph; R 2 = H; 
R 3 = R 4 = OMe, OEt). It was not possible to cyclize aromatic-unsub- 
stituted N , iV-disubstituted amides or N , A^-unsubstituted amides in this 
manner. 93 ' 94 It has, however, been reported 95 that when 98 (R 1 = Ts; 
R 2 = Ph; R 3 = H; R 4 = Ph; R 5 = R 6 = OMe) is reacted as above, 99 
is obtained which, upon hydrolysis, affords only the isoquinoline 100 
(R 1 = R 2 = OMe). 


COPh 


Ph 

PhN 

(89) (100) 

An aldol-like condensation of phthalaldehyde (101) with iminodiacetic 

91 J. P. Fourneau, C. Gaignault, R. Jacquier, O. Stoven, and M. Davy, Chim. Ther. 
4, 67 (1969). 

• 2 Ger. Offen. 1,944,121; Chem. Abatr. 72, 111311h (1970). 

13 G. Hazebroucq and J. Gardent, C. R. Acad. Sci. Ser. C 257, 923 (1963). 

94 G. Hazebroucq, Ann. Chim. (Paris) [14] 1, 221 (1966). 

“ Y. Inubushi, T. Harayama, and K. Takeshima, Chem. Pharrn. Bull. 20, 689 (1972). 
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acid esters (102, R 1 = Me, Ph; R 2 = C0 2 Me, C0 2 Et) catalyzed with 



(101) (102); R = H (103) 


sodium or potassium in methanol, 96 ®' 97 or potassium (-butoxide 96b gave 
low yields of 3 (R 1 = R 5 = H; R 2 = R 4 = C0 2 Me, C0 2 Et; R 3 = Me, 
Ph). The iminodiacetonitrile (102, R 1 = Me, R 2 = CN) reacted similarly, 
while iV-aryl-substituted 102 (R 1 = Ar; R 2 = CN) underwent further 
reactions of the cyano groups, i.e., hydrolysis and esterification. The 
diketone 103 gave an azepine only with 102 (R 1 = iso-Pr; R 2 = CN), 
while other N-substituted 102 (R 1 = Et, Pr, C 8 H n , 4-C 6 H 4 Me; R 2 = CN) 
gave only open-chain condensation products. 98 

An attempt to employ the Paal-Knorr synthesis of pyrrole to prepare 
3-benzazepines failed. For example, 40 (R = CHO) treated with n- 
propylamine gave the benzofulvene 104. 99 



The Dieckmann condensation of dimethyl phthalate with 102 (R 1 = Me, 
Et, Ph; R 2 = C0 2 Me, C0 2 H) was reported 100 to give low yields of 3 
(R 1 = R 5 = OH; R 2 = R 4 = C0 2 Me, C0 2 H; R 3 = Me, Et, Ph). 


C. Beckmann Rearrangement 

The Beckmann rearrangement of bicyclic ketone oximes to give seven- 
membered lactams is simple to carry out, usually gives high yields of the 
reaction products, and the starting materials are easily accessible. However, 
side reactions, most notably the Semmler-Wolff aromatization, fragmenta¬ 
tion, and ring contraction, make the rearrangement less attractive. A 

96 (a) K. Dimroth and H. Freyschlag, Angew. Chem. 68, 518 (1956); Chem. Ber. 89, 
2602 (1956); (b) ibid. 90, 1628 (1957). 

17 F. Dallacker, K. W. Glombitza, and M. Lipp, Ann. Chem. 643, 82 (1961). 

98 K. Dimroth, D. Holzner, and H. G. Aurich, Chem. Ber. 98, 3907 (1965). 

99 R. Huisgen, E. Laschtuvka, I. Ugi, and A. Kammermeier, Ann. Chem. 630, 128 (1960). 

100 w. E. Hahn, J. Epsztajn, and Z. Madeja-Kotkowska, Rocz. Chem. 39, 1423 (1965); 
Chem. Abstr. 64, 17540 (1966). 



70 


S. KASPAREK 


[Sec. II.C. 


mixture of reaction products can be formed due to concurrent alkyl and 
aryl migration which is greatly influenced by substituents in the starting 
oxime. Interesting conclusions have emerged from the studies on the 
Beckmann rearrangement of substituted 1- and 2-tetralone oximes. The 
reaction might in certain cases be nonstereospecific and the lactam forma¬ 
tion may proceed via a new reaction mechanism involving ring scission 
of the cyclic ketone oxime and Ritter-type recyclization. 

1. 1-Bemazepines 

Schroeter et aU showed that O-acetyl tetralone oximes substituted in 
the position ortho to the oxime group, i.e., 105 (R 1 = Ac; R 2 -R 6 = H; 
R 6 = R 9 = Me; R 7 = R 8 = H) underwent the normal Beckmann re¬ 
arrangement when treated with acetic acid-acetic anhydride-hydrogen 
chloride mixture (Beckmann mixture) to give 5 (R'-R 4 = H; R 5 = 
R 8 = Me; R 6 = R 7 = H). However, 1-tetralones substituted in the 
aromatic ring at various positions other than ortho to the oxime group, 
with either electron-releasing or electron-withdrawing groups, underwent 
the Semmler-Wolff aromatization to give the appropriate naphthylamines. 
On the other hand, it was possible to rearrange O-arylsulfonated 1-tetralone 
oxime 105 (R 1 = Ts; R^R 9 = H) into 106 (R 1 = Ph; R 2 = R 3 = H) 



(105) (108) 

on heating with phenol, while the reaction in methanol or ethanol afforded 
only the ring-cleavage products 4 (R 1 = Me, Et; R 2 = H). When the 
aromatic ring of 1-tetralone was deactivated with various substituents, 
no reaction occurred with O-arylsulfonyl oximes, while the O-acetyl 
derivatives gave the corresponding cv-naphthylamines. These differences 
in the reaction course were explained on steric grounds and on the basis 
of the different acidities of acetic and p-toluenesulfonic acid. 5 Since then, 
the mechanism of the Semmler-Wolff aromatization has been formulated 
by Vorozhtsov and Koptiug, 101 who did not observe the formation of 
lactams among the various reaction products of the rearrangement of 
1-tetralone oxime. Nor did Nizamuddin and Chaudhury, who attempted 

101 N. N. Vorozhtsov and V. A. Koptiug, J. Gen. Chem. USSR 28, 1697 (1958); Chem. 
Abstr. 53, 302 (1959). 
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to rearrange 105 (R*-R 7 = H; R 8 = OMe; R 9 = H) with the Beckmann 
mixture but obtained only 7-methoxy-l-naphthylamine. 102 Bauer and 
Hewitson, 108 while accepting the reaction mechanism of Vorozhtsov, 101 
did isolate a lactam from the rearrangement of a 1-tetralone oxime using 
the Beckmann mixture; however, the lactam turned out to be a derivative 
of 2-benzazepin-l-one (see Section II,C, 2). Heating 105 (R 1 = S0 2 Ph; 
R2-R9 = H) with aqueous potassium acetate 104 gave a 64% yield of 
5 (R*-R 8 = H). 

Huisgen and co-workers studied the kinetics of the Beckmann rearrange¬ 
ment of O-acylated benzocycloalkane oximes (107) [n = 2-5; R = S0 2 Ph, 


NOR 

(CH 2 )b 


(107) 

2,4,6-(N0 2 ) 3 C 6 H 2 ] and concluded that the reaction rate is dependent 
on the alicyclic ring size, the reactivity being in the order 5 <$C 6 < 7 <8, 
as well as on the configuration of the oxime group. The aryl migration is 
preferred and the rearrangement proceeds via the cation 108 (n = 2-5) 
(slow, rate-determining step) whose ring cleavage (fast step) would be 
enhanced by the presence of nucleophilic reagents and by the extent of 
ring strain. The formation of the phenonium-like cation suggests that the 
reaction will be affected by activating or deactivating substituents in the 


aromatic ring, and that the aryl migration is, in fact, an electrophilic 
substitution on the migrating benzene ring. 104-106 Horning et aZ. 107 - 108 
introduced polyphosphoric acid (PPA) as the reagent for the Beckmann 
rearrangement of bicyclic oximes. At first it appeared that this reagent 

102 S. Nizamuddin and D. N. Chaudhury, J. Indian Chem. Soc. 40, 960 (1963). 

103 L. Bauer and R. E. Hewitson, J. Org. Chem. 27, 3982 (1962). 

104 R. Huisgen, I. Ugi, H. Brade, and E. Rauenbusch, Ann. Chem. 586, 30 (1954). 

105 R. Huisgen, J. Witte, H. Walz, and W. Jira, Ann. Chem. 604, 191 (1957). 

103 R. Huisgen, J. Witte, and I. Ugi, Chem. Ber. 90, 1844 (1957). 

107 E. C. Horning, V. L. Stromberg, and H. A. Lloyd, J. Amer. Chem. Soc. 74, 5153 (1952). 
103 H. A. Uoyd, L. U. Matternas, and E. C. Horning, J. Amer. Chem. Soc. 77,5932 (1955). 
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would suppress the side reactions and improve the yields. Thus, 105 
(R'-R 9 = H) heated with PPA at 130° for 10 minutes gave a 91% yield 
of 5 (R'-R 8 = H). However, later it was shown 9 that rearrangement to 
an indole occurred on heating 105 (R'-R 4 = H; R 5 = C0 2 H, R 6 -R 9 = H) 
with PPA, to give 14, and only a low yield of 5 (R 1 = R 2 = H; R 3 = 
C0 2 Me; R 4 -R 8 = H) was obtained by the rearrangement of 105 (R'-R 3 = 
H; R 4 = C0 2 Me; R 5 -R 9 = H), suggesting that rearrangement to an 
indole or quinoline (see Section III,A) might occur, although none of 
these was isolated. 108 Similar rearrangements of the benzazepine ring to 
an indole and quinoline have been observed. 109 

Other examples of the use of PPA can be found 102 ' 103 ’ 110 ; variously 
substituted 1-tetralones (105, all R’s = H unless indicated: R 8 = OMe, 102 ' 111 
Me, 111 Et, 111 N0 2 ; m R 7 = R 8 = Me; 112 R 7 = OMe; 113 R 6 = Et, R 8 = iso- 
Pr 114 ) gave the appropriate l-benzazepin-2-ones. It has been claimed that 
PPA induces exclusively the aryl migration, while the use of Beckmann 
mixture results in preferential alkyl migration. 103 The steric effect of 
substituents on the course of the rearrangement, using PPA, has been 
studied by Conley and Frainier 115 and Lansbury and Mancuso. 116 a,a~ 
Disubstituted 1-tetralone oximes [105, R 1 = H, R 2 = R 3 = Me, -(CH 2 ) 5 -; 
R 4 -R 9 = H] afforded almost quantitatively a single lactam on heating 
with PPA, i.e., 5 [R 1 = R 2 = Me, -(CH 2 ) 6 -; R 3 -R 8 = H] as a result of 
phenyl migration despite the steric hindrance at the a-carbon of the 
oxime. Little fragmentation of the oxime to nitrile was observed. It is 
postulated that the steric control of the rearrangement due to oxime 
configuration is not favored in this case where steric crowding in either 
configuration of the oxime exists. Rather, the dissociation of the oximino 
hydroxyl group would give a nonstereoselective, positively charged nitrogen 
ion, and group migration would be controlled, as in carbon-carbon re¬ 
arrangements, by migratory aptitude due primarily to the transition-state 
stabilization. The previously suggested 105 bridged ion 108 (n = 3) conforms 
to these conclusions. 116 

The (-butyl group in 105 (R'-R 5 = H; R 6 = Br; R 7 = R 8 = H; R 9 = 
<-Bu) was split off during the rearrangement to give a 100% yield of 


109 G. N. Walker, D. Alkalay, and R. T. Smith, J. Org. Chem. 30, 2973 (1965). 

110 U. S. Patent 2,991,286; Chem. Abstr. 56, 3466 (1962). 

111 French Patent 1,473,839; Chem. Abstr. 68, 78164e (1968). 

112 A. H. Rees and K. Simon, Can. J. Chem. 47, 1227 (1969). 

113 R. Futaki, Tetrahedron Lett., 2455 (1967). 

114 G. M. Strunz, Tetrahedron 24, 2645 (1968). 

115 R. T. Conley and L. J. Frainier, J. Org. Chem. 27, 3844 (1962). 

113 P. T. Lansbury and N. R. Mancuso, Tetrahedron Lett., 2445 (1965); J. Amer. Chem. 
Soc. 88, 1205 (1966). 
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5 (R'-R 4 = H; R 5 = Br; R 6 -R 8 = H). No oxime-insertion products 
were formed, contrary to the behavior of indanones. This is due to the 
flexibility of the tetralone system, which rearranges with aryl-assisted 
ionization of the oxime polyphosphate 109 without forming a discrete 



Br 


(109) 

immonium cation. Aryl migration is more favorable energetically due to 
less torsional strain in the transition state and such participation out¬ 
weighs the steric hindrance. 116 Vogel et al. w and others 118 reported that 
both 1- and 2-benzazepinones were formed in varying ratios in the 
rearrangement of aromatic substituted 1-tetralones with PPA. Thus, 
105 (R‘-R 3 = H; R 4 = C0 2 Et; R 6 = Ph; R 6 -R 9 = H) exclusively gave 
the appropriate l-benzazepin-2-one, while 105 (R'-R 3 = H; R 4 = C0 2 Et; 
R 5 = 3,4-(OMe) 2 C 6 H 3 ; R 6 = R 9 = H; R 7 = R 8 = OMe) gave a mixture 
of both the corresponding 1- and 2-benzazepinones. Tosyl chloride in 
pyridine was used for the rearrangement of the oximes 110 (R = H, Et) 
to give high yields of 111 (R = H, Et). 119 ’ 120 Fragmentation in the Beck- 



(110) (ill) 


mann rearrangement of decalone-1,5-diones has been studied by Eisele 
et al. The absence or low concentration of base does not interfere with the 
normal course of the rearrangement, but higher concentrations induce 
fragmentation. Thus, heating 112 (R = H) in 80% ethanol gave a high 


117 A. Vogel, F. Troxler, and A. Lindenmann, Helv. Chim. Acta 52, 1929 (1969). 

118 Japanese Patent 7114,658; Chem. Abstr. 75, 48937m (1971). 

119 U. S. Patent 3,294,817; Chem. Abstr. 67, 90787 (1967). 

120 S. I. Sallay, J. Amer. Chem. Soc. 89, 6762 (1967). 
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yield of 113 (R = H), while a seven-center fragmentation occurred on 


( 112 ) 


(113) 


carrying out the reaction in the presence of sodium hydroxide or methoxide 
or potassium (-butoxide. However, the fragmentation was almost com- 
completely suppressed when the 7 -position to the oxime group was sub¬ 
stituted with dialkylamino groups . 121-124 


Contrary to the findings of Schroeter et al. 6 that the Beckmann re¬ 
arrangement does occur with certain 1-tetralone oximes, Vorozhtsov 101 
and Nizamuddin 102 claim that no formation of lactam takes place. Bauer 
and Hewitson , 103 however, did isolate 18 [R 1 = 2-(4-pyridyl)ethyl, 2- 
(2-pyridyl)ethyl; R 2 = H] in addition to 2-chloro-2-[2-(4-pyridyl)ethyl]- 
1-tetralone and 2-[2-(4-pyridyl)ethyl]-l-naphthylamine, when 105 [R 1 = 
H, R 2 = 2-(4-pyridyl)ethyl, 2-(2-pyridyl)ethyl; R 3 -R 9 = H] was treated 
with the Beckmann mixture. These authors claimed that this reagent 
gave exclusively the 2-benzazepin-l-one derivatives, while PPA resulted 
only in the corresponding l-benzazepin-2-ones. A reaction mechanism 
has been proposed involving either the isomerization of the oxime via 
114 to the syn-aryl configuration favoring alkyl migration or the formation 


(114) 

of the aziridine intermediates 115 <-> 116 which undergo nucleophilic 

121 C. A. Grob, W. Eisele, and E. Renk, Angew. Chem. 76, 106 (1964). 

122 W. Eisele, C. A. Grob, and E. Renk, Tetrahedron Lett., 75 (1963). 

123 W. Eisele, C. A. Grob, E. Renk, and H. von Tschammer, Helv. Chim. Acta 51, 816 
(1968). 

123 K. G. Artz and C. A. Grob, Helv. Chim. Acta 51, 807 (1968). 
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attack by the acetate ion to give 117, which then collapses into 83 (R 1 = 



(115) (118) 



(117) 


OAc; R 2 = R 3 = H) followed by hydrolysis to give the lactam. 

On the other hand, Evans and Lockhart 125 reported that treating 
105 (R'-R 6 = H; R 7 = OMe; R 8 = R 9 = H) with PPA gave 18 (R 1 = H; 
R 2 = OMe) as the major product and only “some” l-benzazepin-2-one. 
The use of sulfuric acid resulted in tarry products. The 2-tetralone oxime 
(118, R 1 = R 2 = R 3 = Me; R 4 = R 5 = H) was reported 126 to give 24% 
yield of 86 (R'-R 4 = Me; R 5 = R 6 = H). Since then, Conley and Lange 127 
have studied 2 -tetralone oximes and shown another mechanism by which 
the products of “Beckmann rearrangement” were formed. When the 
oxime 118 (R 1 = Me; R 2 -R 5 = H) was treated with phosphorus penta- 
chloride, a 93-96% yield of the nitrile 119 was obtained. The nitrile could 


R 1 R 1 



(118) (119) 


be converted by heating with PPA into 86 (R 1 = R 2 = Me; R 3 -R 6 = H). 
When hot PPA was used for the rearrangement of oxime 118, 86 (R 1 = 
R 2 = Me; R 3 -R 6 = H) in 24% yield and the enone 120 (R 1 = R 2 = R 3 = 
H) in 71% yield, respectively, were isolated. Other oximes [118, R 1 = 

125 D. Evans and I. M. Lockhart, J. Chem. Soc., 4806 (1965). 

121 H. A. Bruson, F. W. Grant., and E. Bobko, J. Amer. Chem. Soc. 80, 3633 (1958). 

127 R. T. Conley and R. J. Lange, J. Org. Chem. 28, 210 (1963). 
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Me 

(120) 


R 2 = R 3 = Me; R 4 = R 5 = H; and 118, R 1 = (CH 2 ) 5 ; R 2 -R 6 = H] 
reacted similarly. A mechanism has been suggested in which the inter¬ 
mediate carbenium ion 121 is formed by the fragmentation of the oxime, 


a 


(CH 2 ) 2 CN 


Me 


( 121 ) 

and in turn, undergoes either an intramolecular Hoesch reaction to give 
the cyclic ketones or a Ritter reaction to give the lactams. 127 In agreement 
with these postulations, it has been shown 128 that when an electron¬ 
releasing substituent is in the position para to the electron-deficient 
carbon in 121, the Ritter pathway does not take place and no lactam is 
formed. The Hoesch pathway, on the other hand, proceeds undisturbed to 
give the cyclic ketone. A substituent in the meta position does not effect 
the Ritter reaction and the appropriate lactam is formed. Thus, 118 
(R‘ = R 2 = Me; R 3 = R 4 = H; R 6 = OMe) afforded 86 (R 1 = R 2 = 
R 3 = Me; R 4 = R 5 = H; R 6 = OMe) and 120 (R 1 = Me; R 2 = H; 
R 3 = OMe) in about equal amounts, while 118 (R 1 = R 2 = Me; R 3 = 
R 5 = H; R 4 = OMe) gave only the ketone 120 (R 1 = Me; R 2 = OMe; 
R 3 = H). 


There are two reports in the literature of the Beckmann rearrangement 
to obtain 3-benzazepin-2-one. The O-tosyl derivative of 118 (R'-R 6 = H) 
was heated in methanol at 100° in a sealed tube to give 34 (R'-R 10 = H) 
in 78% yield. 129 Irradiation of 122 with a high-pressure mercury lamp 
gave a low yield of 123 via 124. 130 

121 P. C. Mukharji, D. Bhattacharjee, and T. K. Das Gupta, Indian J. Chem. 8, 318 
(1970). 

121 1. L. Knunyants and B. P. Fabrichnyi, Dokl. Akad. Nauk SSSR 68, 523 (1949); Chem. 
Abstr. 44, 1469 (1950). 

130 T. Oine and T. Mukai, Tetrahedron Lett., 157 (1969). 
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(122) (123) (124) 

D. Schmidt Rearrangement 

The shortcomings of the Beckmann rearrangement at nitrogen as a 
method to synthesize the isomeric benzazepinones discussed above apply 
also to the Schmidt method. In this case, another side reaction, the forma¬ 
tion of tetrazoles, may occur. The acidic medium used for the rearrange¬ 
ment plays a decisive role in directing the course of the reaction. The 
rearrangement may in some cases be nonstereospecific. 

1. 1-Bemazepines 

Briggs and De Ath 131 were the first to react 125 (R'-R 6 = H) with 
hydrogen azide in chloroform, using concentrated sulfuric acid as the 


R*.. 


.R> 


R a 

(125) 

catalyst, to obtain a 70% yield of 5 (R'-R 8 = H). Hydrogen azide was 
soon replaced by sodium azide and chloroform by acetic acid, but con¬ 
centrated sulfuric acid was the reagent for the rearrangement of 1-tetra- 
lone 104 ' 132 or variously substituted l-tetralones. 133-136 The postulation put 
forward 104 '" 6 ' 132 for the mechanism and course of the Beckmann rearrange¬ 
ment (see Section II,C) applies for the Schmidt reaction as well. Smith 137 
reported trichloroacetic acid to be an efficient catalyst-solvent to convert 
1-tetralone into 5 (R'-R 8 = H) in 85% yield, while hydrochloric acid 
was not a strong enough catalyst. Sulfuric acid decreased the yield. The 

131 L. H. Briggs and G. C. De Ath, J. Chem. Soc., 456 (1937). 

132 R. Huisgen and I. Ugi, Ann. Chem. 610, 57 (1957). 

133 Netherlands Appl. 6,516,320; Chem. Abstr. 65, 15354 (1966). 

133 U. S. Patent 3,312,691; Chem. Abstr. 68, 49473z (1968). 

'“ U. S. Patent 3,330,823; Chem. Abstr. 68, 95713a (1968). 

134 J. M. Khanna and N. Anand, J. Med. Chem. 10, 944 (1967). 

137 P. A. S. Smith, J. Amer. Chem. Soc. 70, 320 (1948). 
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least strongly acid medium which will catalyze the reaction in a reasonable 
time gives the purest products in optimal yields. Trichloroacetic acid was 
subsequently used 138 to rearrange 125 (R 1 = R 3 = R 5 = H; R 2 = R 4 = Et) 
into 5 (R'-R 4 = H; R 5 = R 7 = Et; R 6 = R 8 = H). Conley 139 employed 
polyphosphoric acid (PPA) as the catalyst-solvent to obtain a 90% yield 
of 5 (R*-R 8 = H) from 1-tetralone. Methanesulfonic acid catalyzed the 
rearrangement of 125 (R 1 = R 2 = R 3 = R 5 = H; R 4 = OH) and 125 
(R 1 = R 2 = R 3 = H; R 4 = OH; R 5 = N0 2 ) into 5 (R'-R 6 = H; R 7 = 
OH; R 8 = H) and 5 (R'-R 6 = H; R 7 = OH; R 8 = NO,), respectively. 
Trifluoroacetic, trichloroacetic, and sulfuric acid were not satisfactory; 140 
125 (R'-R 3 = H; R 4 = N0 2 ; R 5 = H) gave 5 (R'-R 6 = H, R 7 = N0 2 ; 
R 8 = H), which was previously 141 claimed to be prepared by direct nitration 
of 5 (R'-R 8 = H). The structure for this nitration product is now sug¬ 
gested 140 to be 5 (R'-R 5 = H, R 6 = N0 2 , R 7 = R 8 = H). One report 
has appeared that y-phenylbutyric acid with sodium azide in concentrated 
sulfuric acid or PPA directly gave 5 (R'-R 8 = H). It has been concluded 
that the reaction proceeds via the cation 126, which electrophilically 
attacks the benzene ring. The alternative mechanism whereby the butyric 


(126) 

acid first undergoes ring closure to give 1-tetralone followed by the normal 
Schmidt reaction has been excluded. 142 

The electronic effect of a variety of substituents in the aromatic ring 
in the position para to the carbonyl group of 1-tetralones on the direction 
of the Schmidt rearrangement has been studied by Uyeo and co¬ 
workers 143 ' 144a_ 0 with the use of sulfuric, and trichloroacetic acid, and 

138 T. Shingu, Y. Tsuda, S. Uyeo, Y. Yamato, and H. Harada, Chem. Ind. (London), 1191 
(1962). 

133 R. T. Conley, Chem. Ind. (London), 438 (1958); J. Org. Chem. 23, 1330 (1958). 

P. A. S. Smith and W. L. Berry, J. Org. Chem. 26, 27 (1961). 

141 J. von Braun and M. Rawicz, Chem. Ber. 49, 799 (1916). 

142 S. K. Datta, C. Grundmann, and N. K. Bhattacharya, J. Chem. Soc. C, 2058 (1970). 

143 S. Minami, M. Tomita, H. Takamatsu, and S. Uyeo, Chem. Pharm. Bull. 13, 1084 
(1965). 

144 (a) M. Tomita, S. Minami, and S. Uyeo, J. Chem. Soc. C, 183 (1969); (b) N. Hazama, 
H. Irie, T. Mizutani, T. Shingu, M. Takada, and S. Uyeo, ibid., 2947 (1968); (c) 
Y. Misaka, T. Mizutani, M. Sekido, and S. Uyeo, ibid., 2954 (1968); Chem. Commun., 
1258 (1967). 
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PPA as the catalysts. The ratio of products due to alkyl or aryl migration 
is affected by the substituents and the strength of the catalyst in favor 
of aryl-migration products, due to the increased conformational flexibility 
of the six-membered alicyclic ring as compared with the rigidity of the 
five-membered rings. However, no quantitative conclusions could be 
drawn. Only very strongly electron-releasing substituents, like methoxy or 
hydroxy, direct toward preferential alkyl migration. Sulfuric acid and 
PPA did not effect the ratio of migration products, while trichloroacetic 
acid increased the alkyl migration. Substituents in the aromatic ring of 
1-tetralone in the position meta to the carbonyl tend to increase aryl 
migration. However, 127 rearranged to give a mixture of 1- and 

o 


(127) 

2-benzazepinones in about equal amount. 144 ® Evans and Lockhart report 
that the effect of aromatic substituents with an ether bond is in the direc¬ 
tion of alkyl migration but can be reversed by other substituents in the 
alicyclic ring. Thus, 125 (R 1 = CH 2 NMe 2 ; R 2 = R 4 = R 5 = H; R 3 = 
OMe) gave exclusively 5 (R 1 = CH 2 NMe 2 ; R 2 -R 5 = H; R 6 = OMe; 
R 7 = R 8 = H). Substituents in the peri position to the carbonyl did not 
affect the migration electronically; 125 (R 1 = R 3 = R 4 = H; R 2 = R 5 = 
Me) gave 5 (R'-R 4 = H; R 6 = R 8 = Me; R 6 = R 7 = H) due to steric 
effects. 125 Other authors reported the formation of a mixture of isomeric 
benzazepines in the Schmidt rearrangement. 117 ' 145 ' 146 

Huisgen et ai. 104 ' 132 predicted that the formation of the tetrazole 128 
from tetralones would not be preferred to lactam formation using sulfuric 



(123) (129) 


141 L. H. Werner, S. Rieca, A. Rossi, and G. De Stevens, J. Med. Chem. 10, 575 (1967). 
146 L. I. Barsky and W. L. Bencze, J. Med. Chem. 14, 40 (1971). 
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acid as the catalyst. However, Hjelte and Agback 147 obtained the tetrazole 
129 as the major product from 1-tetralone, sodium azide, and hydrochloric 
acid (see Section II,D, 2). 

The reaction of naphthoquinones with sodium azide and acetic acid 
was reported 148 to give only aminonaphthoquinones. Folkers and co¬ 
workers 149 were able to carry out the normal Schmidt rearrangement with 
1,4-naphthoquinones using concentrated sulfuric acid; 130 (R 1 = H; 
R 2 = Me) gave a lactam claimed to be 131 (R 1 = H; R 2 = Me). However, 


o o 



o o 


(130) (131) 

it was shown independently by Rickards and Smith 150 and by Bedford 
et a/. 151 that the correct structure for the product is 10 (R 1 = R 2 = R 4 = 
R 5 = H; R 3 = Me). However, small amounts of the corresponding 
2-benzazepin-l-ones were also formed. Similar reactions with related 
compounds have been reported. 152 ' 153 Hydroxy-substituted 130 (R 1 = OH; 
R 2 = H) and 130 (R 1 = OH; R 2 = Me) did not undergo the ring expan¬ 
sion. Instead, ring contraction occurred to give 132 and 133, respectively, 



CHC0 2 H MeCCO a H OH 


(132) (133) (134) 

when sodium azide was added to the naphthoquinones in sulfuric acid. 
When the addition was reversed, the azido compound 134 was isolated 

147 N. S. Hjelte and T. Agback, Acta Chem. Scand. 18, 191 (1964). 

141 L. F. Fieser and J. L. Hartwell, J. Amer. Chem. Soc. 57, 1482 (1935). 

149 D. Misiti, H. W. Moore, and K. Folkers, Tetrahedron Lett. 1071 (1965); Tetrahedron 
22, 1201 (1966). 

159 R. W. Rickards and R. M. Smith, Tetrahedron Lett., 2361 (1966). 

151 G. R. Bedford, G. Jones, and B. R. Webster, Tetrahedron Lett., 2367 (1966). 

152 G. Jones, J. Chem. Soc. C, 1808 (1967). 

153 E. J. Moriconi and I. A. Maniscalco, J. Org. Chem. 37, 208 (1972). 
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in addition to 132. The suggested mechanism 154 ' 166 for these conversions 
is discussed in Section III,A, 2. 4-Azido-l ,2-naphthoquinone (135) treated 
with concentrated sulfuric acid gave 155 an 82% yield of 10 (R 1 = R 2 = 


n 3 

(135) 

R 4 = R 5 = H; R 3 = OH). A study of the Schmidt rearrangement of 
the diketone 136 (R = H, Me) showed that by choosing catalysts of 
different acidities either of the carbonyl groups can be made to react with 
hydrazoic acid to give all three isomeric benzazepines. 156 Thus, sulfuric 
acid and sodium azide converted 136 (R = H, Me) into 137 (R = H, Me), 
while the use of hydrochloric acid afforded only the tetrazole 138 (R = H, 



(138) (137) (138) 


Me). These results are in agreement with the previous observations 
concerning the effect of the catalyst on the reaction course. 104 ' 132 ' 137 ' 144a ' b ' °- 147 

2. 2-Bemazepines 

In contrast to the action of sulfuric acid in the reaction of 125 (R*-R 5 = 
H) with sodium azide, which was reported 104 ' 131 ' 132 to give 1-benzazepin- 
2-one (5, R 3 -R 8 = H), the reaction with hydrochloric acid as catalyst- 
solvent afforded the tetrazole 129. The treatment of the latter with lithium 
aluminum hydride 147 gave 19 (R'-R 7 = H). An interesting example of 
the exclusive formation of 2-benzazepines has been reported by Schmid 
et al. The tetralone 125 (R 1 = piperidinomethyl, 2-piperidinoethyl; 

154 H. W. Moore and H. R. Shelden, J. Org. Chem. 32, 3603 (1967); Tetrahedron Lett., 
5431 (1968). 

155 H. W. Moore, H. R. Shelden, and W. Weyler, Tetrahedron Lett., 1243 (1969). 

151 C. V. Greco and R. P. Gray, Tetrahedron 26, 4329 (1970). 
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R 2 -R s = H) was rearranged by sulfuric acid into 18 (R 1 = piperidino- 
methyl, 2-piperidinoethyl; R 2 = H); trichloroacetic acid was not satis¬ 
factory. It was suggested that preferential alkyl migration occurs owing to 
electrostatic repulsion of the positively charged nitrogens in the interme¬ 
diate 139 forcing the azido group to assume the sjyn-aryl configuration and 

©z 
CHjN^ 

| N—N=N | 

(139) 

thus promoting the alkyl migration. 157 A study by Uyeo and co-workers, u4a 
discussed in section II,D, 1, suggests that strongly electron-releasing 
substituents in the aromatic ring of 1-tetralones favor alkyl migration and 
thus the formation of 2-benzazepin-l-ones. However, considering the 
report of Evans and Lockhart 125 that a nitrogen-containing substituent 
can reverse the effect of an ether in the aromatic ring of 1-tetralone to 
lead to exclusively l-benzazepin-2-ones, and those of Schmid et al, 157 
and Uyeo and co-workers 144a discussed above, a rather confusing picture 
emerges as to the course of the Schmidt rearrangement of substituted 

1- tetralones. Numerous examples of the formation of both 1- and 2- 
benzazepinones by the Schmidt reaction have been reported. 117143-146 
The reported results 149 on the rearrangement of naphthoquinones into 

2- benzazepine-l ,5-diones have been shown 150 ' 151 to be erroneous, the 
lactams being l-benzazepine-2,5-diones. The reaction of 130 (R 1 = OH; 
R 2 = H) with hydrazoic acid in sulfuric acid 154 ' 155 gave 140 in addition 
to 132 involving the intermediate cation 141 (see Section III,A, 2). The 




(140) (141) 


rearrangement of the bicyclic unsaturated ketones 142-145, 158 146, 159 

157 H. J. Schmid, A. Hunger, and K. Hoffmann, Helv. Chim. Acta 39, 607 (1956). 

158 K. Mitsuhashi, K. Nomura, N. Minami, and M. Matsuyama, Chem. Pharm. Bull. 
17, 1578 (1969). 

159 K. Mitsuhashi, K. Nomura, and F. Miyoshi, Chem. Pharm. Bull. 19, 1983 (1971). 
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and 147 160 has been studied. Mixtures of 2- and 3-benzazepinones were 



(145) (146) (147) 


obtained in low yields and a theory was advanced to explain the reaction 
course depending on the position of the double bonds in the respective 
ketone. 158 

3. 3-Benzazepines 

Formation of 3-benzazepines in the Schmidt rearrangement occurs in 
low yield, and gives a mixture of isomeric benzazepines. The diones 148 
and 149 were obtained 159 from 146, and 150 was prepared 156 from 136 



(148) (149) (150) 


(R = H). 

E. Ring Enlargement 

The expansion of smaller rings into the heterocyclic ring of the benza¬ 
zepines has been achieved with aziridine, indole, quinoline, and isoquinoline 
systems, usually in high yields, and benzazepines with the highest degree 

1,0 K. Mitsuhashi, K. Nomura, I. Watanabe, and N. Minami, Chem. Pharm. Bull. 
17, 1572 (1969). 
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of unsaturation can thus be prepared. Only direct enlargements are 
discussed in this section. The studies, e.g., by von Braun, 4 in which the 
benzazepines were prepared from material obtained by ring cleavage of 
lower-membered systems followed by further chemical manipulations to 
extend the carbon chain, are discussed in sections II,A. 


1. 1-Benzazepines 

Scheiner 161 reported that the infrequently observed amino Claisen 
rearrangement took place when 151 was refluxed in xylene, to give a 
95% yield of 61 (R 1 = R 2 = R 3 = R 6 = H; R 4 = Me; R 6 = Br). The 




N 


,Me 

^CHj 


Br 

(151) 

pyrolysis of the bridged azepine 152 in a sealed tube at 180° afforded 
153 in 87% yield via 154 and 155. 162 



(154) (155) 


Although the Diels-Alder reaction of indoles had been investigated 
161 P. Scheiner, J. Org. Chem. 32, 2628 (1967). 

1,2 L. A. Paquette, D. E. Kuhla, and J. H. Barrett, J. Org. Chem. 34, 2879 (1969). 
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before, Plieninger and Wild 163 were the first to report that a ring expansion 
took place during this reaction. Thus, 156 (R 1 = R 3 = R 4 = R 5 = H; 
R 2 = OEt) refluxed with dimethyl acetylenedicarboxylate in dioxane gave 
65 (R 1 = OEt, R 2 = R 3 = C0 2 Me) in addition to geometric isomers of 
157. When the reaction was carried out with W-substituted indole 156 



(156) (157) 

(R 1 = Me; R 2 = OEt; R 3 = R 4 = R 5 = H) the only reaction product, 
obtained in 72% yield, was 1 (R 1 = Me; R 2 = OEt; R 3 = R 4 = C0 2 Me; 
R 5 = H). It is suggested that the acetylene dicarboxylate attacks the 
indole at the 3-position to form the dipolar adduct 158 (R = H, Me), 



(158) (159) 


which undergoes ring closure to give 159 (R 1 = H, Me; R 2 = OEt; 
R 3 = C0 2 Me; R 4 = H). The latter collapses as indicated into the 1- 
benzazepine. It has, however, been reported that a similar reaction with 
oxindole did not proceed satisfactorily. 164 Lin and Snieckus 165 reacted 156 
(R 1 = Ac; R 2 = R 4 = R 5 = H; R 3 = piperidino) in a similar manner 
with methyl propiolate to obtain a 68% yield of 1 (R 1 = Ac; R 2 = R 3 = H; 
R 4 = C0 2 Me; R 5 = piperidino). In fact, these authors were able to 
isolate a derivative of the proposed 163 cyclobutenoindole intermediate, 
i.e., 159 (R 1 = Ac; R 2 = R 3 = H; R 4 = piperidino) and to confirm the 
structure by NMR. 

Acheson et al. 1M studied the Diels-Alder reaction of 2-unsubstituted 

183 H. Plieninger and D. Wild, Chem. Ber. 99, 3070 (1966). 

184 E. Winterfeldt and J. M. Nelke, Chem. Ber. 103, 1183 (1970). 

188 M.-S. Lin and V. Snieckus, J. Org. Chem. 36, 645 (1971). 

188 R. M. Acheson, J. N. Bridson, and T. S. Cameron, J. Chem. Soc. C, 968 (1972); J. 
Chem. Soc. D, 1225 (1971); R. M. Acheson, Advan. Heterocycl. Chem. 1, 138 (1963); 
It. M. Acheson, J. N. Bridson, T. R. Cecil, and A. R. Hands, J. Chem. Soc., Perkin 
Trans. I, 1569 (1972). 
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indoles in detail. While confirming the suggested 163 pathway of the reaction 
via the cyclobutenoindole intermediate, these authors propose an indolenine 
zwitterion 160 from which the corresponding cyclobutenoindole arises 


H 



^C0 2 Me 

(160) 


via a nonconcerted process. 

The reaction of 156 (R 1 = Me; R 2 -R 5 = H) with dimethyl acetylene- 
dicarboxylate in the absence of solvent or in dry acetonitrile yielded 
1 (R 1 = Me; R 2 = R 5 = H; R 3 = R 4 = C0 2 Me) and small quantities 
of 161 (R = C0 2 Me). The adduct 162 (R 1 = R 2 = Me) was the major 


Me R 2 



COjMe 

(161) (182) 


product of the reaction carried out in undried acetonitrile. Indole (156) 
(R'-R 5 = H) gave 162 (R 1 = R 2 = H) as the only product both in the 
dry or undried solvent. 166 Boron trifluoride etherate was used to catalyze 
the Diels-Alder reaction of 1,2,3-trimethyl-, and 1,3-dimethylindole, 
respectively, with dimethyl acetylenedicarboxylate. 167 

Sakan et al. m reported an unusual and novel ring closure-expansion of 
tosylated 2-hydroxyethylindoles. While 156 (R 1 = R 3 = R 4 = R 5 = H; 
R 2 = CH 2 CH 2 OTs) with ethyl cyanoacetate in the presence of sodium 
ethoxide in ethanol gave 163, aromatic-substituted 156 (R 1 = R 3 = H; 
R 2 = CH 2 CH 2 OTs; R 4 , R 6 = H, OMe) afforded 164 (R 1 , R 2 = H, OMe) 



CN 

(163) (164) 


1,7 F. Fried, J. B. Taylor, and R. Westwood, J. Chem. Soc. D, 1226 (1971). 
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under the same reaction conditions, and 2-tosyloxyethylindole 156, 
R 1 = R 3 = R 4 = R 5 = H; R 2 = CH 2 CH 2 OTs) in dimethyl sulfoxide gave 
164 (R 1 = R 2 = H). It was proposed that the cyclobutanoindolenine 165, 
arising from the intramolecular electrophilic reaction of the tosylate, is 



(165) 

attacked by the cyanoacetate carbanion followed by expansion of the 
five-membercd ring. 168 

Proctor and co-workers 169 developed a method for expanding the 
quinoline ring. The treatment of 166 (R 1 = Ts; R 2 = R 4 = R 5 = H; 



(166) (167) 

R 3 = OEt) with tribromomethylphenylmercury in refluxing benzene 
gave 167, which with silver nitrate in refluxing aqueous ethanol yielded 
5 4 (R 1 = Ts; R 2 = Br), while refluxing pyridine gave 1 (R 1 = Ts; R 2 = R 3 = 
H; R 4 = Br; R 5 = OEt). Aromatic-substituted 1-benzazepines were pre¬ 
pared similarly. The reaction proceeded also with2-substituted quinolines; 
however, for steric reasons, the tosyl group had to be replaced by mesyl 
to prepare 1 (R 1 = Ms; R 2 = Me; R 3 = H; R 4 = Br; R 5 = OEt). Eistert 
and Donath 170 reacted 168 with diazomethane to obtain 169, which gave 



(168) (169) 


168 T. Sakan, S. Matsubara, H. Takagi, Y. Tokunaga, and T. Miwa, Tetrahedron Lett., 
4925 (1968). 

169 A. Cromarty and G. R. Proctor, Chem. Commun., 842 (1968); A. Cromarty, K. E. 
Haque, and G. R. Proctor, J. Chem. Soc. C, 3536 (1971). 

170 B. Eistert and P. Donath, Chem. Ber. 103, 993 (1970). 



88 s. kasparek [Sec. II.E. 

10 (R 1 = Ph; R 2 = R 4 = R 6 = H; R 3 = OH) in 84% yield on treatment 
with methanol or ethanol at room temperature. 

2. 2-Benzazejpines 

The perchlorate 170 was treated with diazomethane in methylene 
chloride to give 171 which, refluxed in methanol followed by treatment 
with sodium hydroxide, gave a 68% yield of 172. 171 



(170) (171) (172) 

3. 3-Benzazepines 

Paquette etal. m reacted the aziridine 173 with bromine in methylene 
chloride followed by dehydrobromination with potassium (-butoxide to 
obtain 174 (R 1 = S0 2 Ph; R 2 = R 3 = H). 


QO>< 


/ R 2 


(173) 


Rs 

(174) 


An elaborate but effective method of expanding the isoquinoline ring 
has been reported by Chazerain. 28 The dihydroisoquinoline 100 (R 1 = 
R 2 = OEt) was converted by benzoyl chloride into the benzil 175 (R = 
OEt) which by a benzilic rearrangement gave 176 (R = OEt); debenzoyla- 


H^^/(CH 2 )jNHCOPh 

XX 


R\^\.(CH 2 ) 2 NHCOPh 

n A^A„/C0 2 H 

ptr" ''oh 


171 N. J. Leonard, K. Jann, J. V. Paukstelis, and C. K. Steinhardt, J. Org. Chem. 28, 
1499 (1963). 

173 L. A. Paquette, D. E. Kuhla, J. H. Barrett, and R. J. Haluska, J. Org. Chem. 34, 
2866 (1969). 
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tion and thermal cyclization of the latter gave 34 (R 1 = Ph; R 2 = OH, 
R3_R7 = H; R 8 = R 9 = OEt; R 10 = H) in addition to 1-carboxy-l- 
phenyl- and l-phenyl-l,2,3,4-tetrahydroisoquinoline, respectively. The 
formation of the isoquinolines could be avoided by removing the tertiary 
hydroxyl group in 176 (R = OEt) followed by the lactamization of the 
reduced product. Alternatively, 177 was prepared by the usual reactions 
from 176 (R = OEt) and thermally cyclized to give 178. The synthesis 


EtO^rv/CigaNH, 

stoJUU -™ 0 

H^Ph 


(177) 


(176) 


was modified by Hamon 29 ' 30 who reduced the benzil 175 (R = OEt) to 
obtain the corresponding diol, which underwent the pinacol rearrangement 
and ring closure, using 85% phosphoric acid, to give 178. However, 
isoquinoline derivatives were also formed and it was concluded that 
the reaction was dependent on the nature of the aromatic substituent and 
on the strength of the acid used in the reaction. Analogous ring expansion 
of the isoquinoline system has been reported recently 173 to convert the 
phthalideisoquinoline (179) into 180 and to synthesize rhoeadine-type 



alkaloids. 174 Grewe and Winter 175 observed a ring enlargement during 
the reduction of 181 with zinc and acetic acid to obtain 182 in 80% yield. 



daD ( 182 ) 

17S W. Kloetzer, S. Teitel, J. F. Blount, and A. Brossi, Monatsh. Chem. 103, 435 (1972); 

J. Amer. Chem. Soc. 93, 4321 (1971). 

»« H. Irie, S. Tani, and H. Yamane, J. Chem. Soc. D, 1713 (1970). 

175 R. Grewe and G. Winter, Chem. Ber. 92, 1092 (1959). 
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Similar reduction-ring expansion was carried out with variously substituted 
isoquinolines, the acetic acid being replaced by propionic acid. 176 Goeber 
et al. 177 expanded the ring of the isoquinolinium salt 183 (R = H, OMe; 
A = OH) on treatment with phenyldiazomethane in methanol to prepare 
35 (R 1 = R 2 = H; R 3 = Me; R 4 = Ph; R 6 = OMe; R 6 = H, Me; R 7 , 
R 8 = 0-CH 2 -0). Similarly, 183 (R = H, A = C10 4 ) treated with diazo¬ 
methane gave a mixture of 184 and 184a. The crude mixture of these 



(183) (184) 


(184a) 

products with methanol or water gave 35 (R 1 = R 2 = R 4 = R 6 = H; 
R 3 = Me; R 6 = OMe, OH; R 7 , R 8 = O-CH 2 -O) and with lithium alu¬ 
minum hydride gave 35 (R 1 = R 2 = R 6 = R 6 = H; R 3 = R 4 = Me; R 7 , 
R 8 = O-CHj-O). The reaction, however, did not proceed with phenyl¬ 
diazomethane. 178 

Treatment of the spiropyridine (185) with potassium f-butoxide in 
1,2-dimethoxyethane afforded a 51% yield of 186 which with trifluoro- 



(185) (186) 


176 C. Reby and M. J. Gardent, Bull. Soc. Chim. Fr., 1574 (1972). 

177 B. Goeber, S. Pfeifer, V. Hanus, and G. Engelhardt, Arch. Pharm. ( Weinheim ) 
301, 763 (1968); B. Goeber and G. Engelhardt, Pharmazie 24, 423 (1969). 

178 H. O. Bernhard and V. Snieckus, Tetrahedron 27, 2091 (1971). 



Sec. III.A.] 


1-, 2-, AND 3-benzazepines 


91 


acetic acid in chloroform yielded the isomer 174 (R 1 = R 2 = Me; R 3 = 
CN). 179 


F. Rearrangement 


3-Benzazepines 

The direct photoexcitation of 187 (R 1 = C0 2 Me, Ts; R 2 = H, C0 2 Me) 
resulted in a rearranged product, i.e., 3 (R 1 = R 6 = H, C0 2 Me; R 2 = 
R 4 = H; R 3 = C0 2 Me, Ts), formed in low yield via 188 (R 1 = C0 2 Me, 



(187) (188) 

Ts; R 2 = H, C0 2 Me). 18 ° Silver nitrate in methanol converts the anti 
isomer of 187 (R 1 = Cl; R 2 = H) into a product tentatively identified as 
1-methoxy-l-benzazepine (1, R 1 = OMe; R 2 = R 3 = R 4 = R 6 = H). 180a 


III. Reactions 


A. Ring Contraction 


1. 1-Benzazepines 

Horning 9 described the ring contraction of 5 (R'-R 3 = H; R 4 = C0 2 Me; 
R 6 -R 8 = H) into the indole 14 by the action of hot hydrochloric acid. 
On the other hand, the 4-substituted l-benzazepin-2-one 5 (R 1 = R 2 = H; 
R 3 = C0 2 H; R*-R 8 = H) afforded the quinolone 189 (R 1 = R 3 = R 4 = H; 


,NxxO 


(189) 

17 *A. W. Johnson and M. Mahendran, J. Chem. Soc. C, 1237 (1971); J. Chem. Soc. D, 
10 (1970). 

180 G. Kaupp, J. Perreten, R. Leute, and H. Prinzbach, Chem. Ber. 103, 2288 (1970). 
moo v. Rautenstrauch, Chem. Commun., 1122 (1969). 
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R 2 = C0 2 H) under the same reaction conditions. 108 It has been suggested 
that the ring contraction is due to a direct, acid-catalyzed intramolecular 
ester-amide exchange rather than hydrolytic ring-opening and subsequent 
recyclization. 9 ’ 108 Analogous ring contractions have been observed 109 : 
190 (R = C0 2 Et) treated with acid gave 3-phenyl-substituted 14 while 



(190) 


190 (R = CH 2 C0 2 Et), under the same conditions, afforded 189 (R 1 = 
R 2 = H; R 3 = Ph; R 4 = CH 2 CH 2 C0 2 H). Gordon et al. m obtained the 
indazole 191 when 5 (R'-R 4 = H; R 6 = R 8 = Me; R° = R 7 = H) was 
nitrosated with sulfuric acid-nitric acid-sodium azide mixture and the 
V-nitroso derivative was allowed to stand in benzene for 7 days. The 
intermediate 192, previously described by Huisgen, 182 was implicated in 



(192) 


the ring contraction. 181 Look 183 obtained methyl quinaldate on an attempted 
hydrolysis of 2,3,3-trim ethoxy-3 H- 1-benzazepine to the benzazepin-3-one. 
Other reports have appeared describing the ring contraction of derivatives 
of l-benzazepin-5-one, 112 l-benzazepin-2-one, 45 l-benzazepine-2,3-dione, 184 
and l-benzazepine-2,5-dione, 166 respectively, into the appropriate quinoline 
derivatives. Geissman and Cho 47 attempted the hydrolysis of 9 (R 1 = 
C0 2 Me, C0 2 Et; R 2 = R 3 = H) in acid or base and obtained 193 (R = H), 
while 56 (R 1 = R 4 = H; R 2 = C0 2 Me; R 3 = OMe) on acidic hydrolysis 
yielded 193 (R = Me) but alkaline hydrolysis gave 56 (R 1 = R 4 = H; 
R 2 = C0 2 H; R 3 = OMe). Vogel et al. w suggested a mechanism of the 

1,1 D. Gordon, L. Frye, and H. Sheffer, Acta Chem. Scand. 23, 3577 (1969). 

183 R. Huisgen, Ann. Chem. 574, 171 (1951). 

188 M. Look, Dies. Abstr. 17, 35 (1957). 

184 C. G. Hughes and A. H. Rees, Chem. Ind. ( London ) 1439 (1971). 
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o 

CHjCQjR 


(193) 

observed ring contraction of 5 (R 1 = R 2 = H; R 3 = C0 2 H; R 4 = Ph; 
R5-R8 = H). Heating of the latter with thionyl chloride and pyridine in 
dimethyl formamide, followed by treatment with dimethylamine, gave 189 
(R 1 = R 4 = H; R 2 = CH 2 CONMe 2 ; R 3 = Ph). However, only 5 (R 1 = 
R 2 = H; R 3 = CONMe 2 ; R 4 = Ph; R 6 -R 8 = H) was obtained when all 
the above reaction components were present in the mixture and mild 
reaction conditions (~20°) were employed. It has been suggested that 
the lactone 194 is the intermediate which undergoes ring contraction as 



o 

(194) 


indicated. 117 Uyeo et al. m& described the ring contraction of 7 (R 1 = R 2 = H) 
upon dehydrogenation with 40% palladium on charcoal in ethyl cinnamate, 
into a mixture of quinoline derivatives. iV-Tosyl-1, 2-dihydro-3H-l- 
benzazepin-3-one treated with sodium methoxide afforded quinoline-2- 
carboxaldehyde. 188 

2. 2-Benzazepines 

Moore and Shelden 164 described a ring contraction during the attempted 
preparation of hydroxy-substituted benzazepinediones by the Schmidt 
rearrangement of 130 (R 1 = OH; R 2 = H) and 130 (R 1 = OH; R 2 = Me), 
respectively; they obtained only ring-contracted products 132 and 133. It 
was suggested that the ring contraction may proceed via the cation 195, 
which reacts with another mole of hydrazoic acid to give the azide 196. 
The latter on hydrolysis affords 197, which is cleaved in acidic reaction 
medium to give 198 (R = H) followed by recyclization into 132. 
Because of the more sterically hindered ketone group in 198 (R = Me) 
formed by this reaction pathway from 130 (R 1 = OH; R 2 = Me), the 

135 S. Uyeo, T. Shingu, and H. Harada, Yakugaku Zasshi 85, 314 (1965); Chem. Abstr. 
63, 4250 (1965). 

182 M. A. Rehman, J. Natur. Sci. Math. 9, 297 (1969); Chem. Abstr. 73, 87764f (1970). 
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o 


OH 


O 



n 3 


OH 


(195) 


(198) 



or 

^^^COCHRCOjH 

(198) 


recyclization product is 133. However, later it was suggested 156 that the 
cation 141 is the intermediate in the formation of both 197 and 132, 
and that the reactive site of 130 (R 1 = OH; R 2 = H) is at C-l and not 
02 as previously suggested. 164 


3. 3-Benzazepines 

Oxidation of an ethereal solution of 178 in air in the presence of acid 
gives the isoquinoline 199. Aromatic-unsubstituted 3-benzazepines are 
Ph 


O ^ — 


(199) 

even more sensitive to the oxidation. 28 ’ 29 The prolonged action of 85% 
phosphoric acid converts A-benzoyl derivatives of 178 by Wagner- 
Meerwein type rearrangement 29 ’ 30 into 200. A reaction mechanism has 

PhCHOH 

EtO 

EtO 

(200) 

been suggested as follows: The nitrogen of 178 is attacked by acid to give 
the cation 201 followed by ring cleavage to 202 ±=; 203 and recyclization 
into the cation 204, which undergoes solvation. 29 ’ 30 Oxidation of 205 
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(R = S0 2 Me) with potassium hydroxide resulted in ring contraction to 
yield 187 207. The hydrolysis of 99 under a variety of conditions afforded 96 
100 (R 1 = R 2 = OMe). The action of strong mineral acids on 3 (R 1 = 
R 6 = H; R 2 = R 4 = C0 2 H; R 3 = Me) gave 208, while the iV-phenyl 


1,7 J. Gardent, G. Hazebroucq, and G. Cormier, Bull. Soc. Chim. Fr., 4001 (1969). 
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derivative 3 (R 1 = R 6 = H; R 2 = R 4 = CO 2 H; R 3 = Ph) remained 
unchanged. 9611 Refluxing 174 (R 1 = R 2 = Me; R 3 = CN) in xylene for 
5 days afforded 209 by a suggested mechanism 179 shown in 210 or 211. 


eg: 


(20#) 



,Me 

IMe 


'Me 


B. Ring-Opening 

The hydrolytic opening of the heterocyclic ring of the isomeric benza- 
zepines can be achieved under alkaline or acidic conditions at temperatures 
varying from ambient to high. A striking difference has been reported in 
the hydrolysis of l-benzazepin-2-ones as compared to 2-benzazepin-l-ones. 
The former are 90% hydrolyzed in 2 N hydrochloric acid at room tempera¬ 
ture in 48 hours while the latter remain essentially unchanged after 3 
weeks. 126 ' 146 Examples have been described of the differences in the feasi¬ 
bility of ring-opening of saturated benzazepines having no amido bond in 
the molecule and those having the lactam structure. 4-7 ' 131 It has been 
reported that the reduction of the carbonyl group in 5 (R'-R 8 = H) 
with sodium in alcohol results in the formation of 4-(2-aminophenyl)butyl 
alcohol. 6 The action of ozone and alkaline hydrogen peroxide resulting in 
ring-opening of 1-benzazepines has been reported. 188 The presence of a 
double bond in the heterocyclic ring renders it stable to hydrolysis. 26 
3-Benzazepines of the highest degree of unsaturation are stable in cold or 
hot acids, 96 ® while those partially saturated can be hydrolyzed. 20 ’ 21 


IV. Physical Properties 

Coefficients of linear combination, charge density, bond order, free 
valency, N-H valency vibration, and atom localization energy were 
calculated for 1 (R'-R 6 = H) by the use of the simple Hiickel LCAO-MO 
pattern. The data suggest that there is a strong localization of ^-electrons 
of nitrogen and of double bonds in the seven-membered ring. 189 Dewar 
and Trinajstic carried out calculations of ground states of 1 (R‘-R 6 = H), 
2, and 3 (R'-R 6 = H) by a semiempirical SCF-MO method. The results 

186 G. R. Proctor, J. Chem. Soc., 3989 (1961). 

1,9 R. W. Schmid, Helv. Chim. Acta 45, 1982 (1962). 
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imply that these ring systems are not aromatic as would be expected since 
they are isoconjugate with the benzotropylium anion. 190 

The conformation of the seven-membered ring of 7 (R 1 , R 2 = H, Me) 
has been suggested to be in the chair form. 66 

The pX a (5.50) of 1 (R‘-R 6 = H) in water at 18.6° was determined 
and compared with those of other amines on the basis of the different 
extent of conjugation of nitrogen with the aromatic ring due to steric 
effects. 191 

Huisgen et al. formulated 5 (R‘-R 8 = H) as the resonance hybrid 
212 «-> 213 <-> 214 and discussed UV spectra, reactivity, and basicity of 



(212) (213) (214) 


this benzazepinone on the basis of this mesomerism. 104 

X-Ray diffraction study and molecular parameters for 162 (R 1 = 
R 2 = H) have been described. 166 

It has been claimed that IR spectra are useful in distinguishing 
l-benzazepin-2-ones from 2-benzazepin-l-ones. The former show CO 
absorption at higher frequency (15 to ~20 cm -1 ) than the latter. 116 ’ 143 
IR spectra of derivatives of l-benzazepine, 7 ’ 43a ’ 43b ' 46 ’ 63 ’ 103 ' l08 ’ 160 2-benza¬ 
zepine, 70 ' 103116 ' 143 and 3-benzazepine 20 ’ 22 have been recorded and discussed. 

The UV spectrum of l-benzazepin-2-one (5) (R‘-R 8 = H) was studied 
in detail by Huisgen et al. m A shift in the absorption by ~10 m/x towards 
shorter wavelength was observed as compared to acetanilide. Other 
authors reported UV data for derivatives of 1-benzazepine, 7 ' «». 43 M 9 . u>3, 104, iso 


2-benzazepine, 103 ' 104 and 3-benzazepine. 20 ’ 96a 

NMR spectra have been recorded for derivatives of 1-benzazepine, 66 ’ l16 ’ 
117.143,150,163,165,169 2-benzazepine, 13 ’ 26 ’ 62a ’ 116 and 3-benzazepine. 20 ’ 22 ’ 27 ' 76 ’ 96 ’ 176 

Deuterium exchange of the N-H proton proved to be of value to dis¬ 
tinguish between l-benzazepin-2-one and 2-benzazepin-l-one derivatives. 
The multiplet at 2.3-2.1 ppm assigned to NHCOCH 2 CH 2 in the former 


did not change in contrast to the latter, where a significant change was 


observed in the 3.4-3.0 ppm region assigned to CONHCH 2 CH 2 . 143 The 
resonance of the olefinic protons and cross-carbonyl coupling of derivatives 
of 10 have been discussed. 149-161 Temperature-variable NMR spectra of 
1 (R 1 = Ac; R 2 = R 3 = H; R 4 = C0 2 Me; R 6 = piperidino) have been 


recorded. 166 


180 M. J. S. Dewar and N. Trinajstic, Tetrahedron 26, 4269 (1970). 

181 R. Reynaud and P. Rumpf, Bull. Soc. Chim. Fr., 1805 (1963). 
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The inversion barrier of 17 kcal/mole has been determined for 1 (R 1 = 
Ts; R 2 = R 3 = H; R 4 = Br; R 6 = OEt). 109 


V. Biological Activity 

Derivatives of 1-benzazepine were found to have analgesic/ 92 ’ 193 anti¬ 
depressant/ 94 antifibrillant/ 96196 antihypertensive/ 97 ' 198 antineoplastic/ 99 
diuretic, 200 hypoglycemic, 201 and antiarrhythmic 202 ' 203 activity. Derivatives 
of 2-benzazepine were assayed on their antihypertensive, 204 ’ 206 adrenergic- 
blocking/ 7 and cholinesterase inhibiting 200 activity. Various 3-benzazepine 
derivatives were prepared as potentially active antihypertensives, 207 ’ 208 
hypoglycemics, 209-214 analgesics, 210 216 depressants, 210 anoretics 217 ’ 218 and 
ganglion blocking agents. 219 


182 U. S. Patent 3,475,414; Chem. Abstr. 72, 3401 (1970). 

182 U. S. Patent 2,520,264; Chem. Abstr. 45, 675 (1951). 

184 J. Krapcho and C. F. Turk, J. Med. Chem. 9, 191 (1966). 

186 French Patent M3273; Chem. Abstr. 65, 2272 (1966). 

186 U. S. Patent 3,332,951; Chem. Abstr. 67, 100138 (1967). 

187 U. S. Patent 3,093,632; Chem. Abstr. 59, 12771 (1963). 

188 Netherlands Appl. 6,516,320; Chem. Abstr. 65, 15354 (1966). 

188 D. M. James and A. H. Rees, J. Med. Pharrn. Chem. 5, 1234 (1962). 

200 U. S. Patent 3,458,498; Chem. Abstr. 71, 81225 (1969). 

201 U. S. Patent 3,509,130; Chem. Abstr. 73, 98832 (1970). 

202 W. E. Barrett, T. Garces, and A. J. Plummer, Arch. Int. Pharmacodyn. Ther. 182, 
65 (1969). 

208 Ger. Offen. 1,905,525; Chem. Abstr. 72, 12784 (1970). 

288 Japanese Patent 7026,739; Chem. Abstr. 74, 53575 (1971). 

208 A. Stankevicius, A. Kost, and V. Vizas, Khim. Farm. Zh. 3, 21 (1969); Chem. Abstr. 
72, 66776 (1970). 

288 Japanese Patent 28,267 (1965); Chem. Abstr. 64, 9696 (1966). 

287 U. S. Patent 3,496,166; Chem. Abstr. 73, 14724 (1970). 

288 U. S. Patent 3,609,138; Chem. Abstr. 75, 140722 (1971). 

288 U. S. Patent 3,575,962; Chem. Abstr. 75, 48938 (1971). 

218 French Patent 1,535,085; Chem. Abstr. 71, 81224 (1969). 

211 Ger. Offen. 1,921,737; Chem. Abstr. 74, 22817 (1971). 

212 S. African Patent 67 05,100; Chem. Abstr. 70, 106409 (1969). 

218 S. African Patent 67 05,527; Chem. Abstr. 70, 96654 (1969). 

218 Swiss Patent 485,728; Chem. Abstr. 72, 132570 (1970). 

218 Ger. Offen. 1,921,861; Chem. Abstr. 72, 31646 (1970). 

218 T. M. I til, M. J. Stock, A. D. Duffy, A. Esquenazi, B. Saleuty, and T. H. Han, Curr. 
Ther. Res. 14, 136 (1972). 

217 Ger. Offen. 2,016,136; Chem. Abstr. 76, 34136 (1972). 

218 Swiss Patent 498,123; Chem. Abstr. 74, 125489 (1971). 

218 British Patent 822,506; Chem. Abstr. 54, 3466 (1960). 
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I. Introduction 

The first review of the chemistry of oxazoles by R. H. Wiley 1 was 
published in 1945 when the parent molecule was still unknown. A significant 
interest in the chemistry of oxazoles was revived in an effort to synthesize 
penicillin, when this fascinating antibiotic molecule was thought to contain 
an oxazole ring. In this way aspects of oxazole chemistry were studied 
which had received little or no attention before. An extensive coverage 
of this work 2 appeared in 1949. The chemistry of oxazole and its derivatives 

1 R. H. Wiley, Chem. Rev. 37, 401-442 (1945). 

2 J. W. Cornforth, in “The Chemistry of Penicillin” (H. T. Clarke, J. R. Johnson, and 
R. Robinson, eds.), Chapter XXI, pp. 688-730. Princeton Univ. Press, Princeton, 
New Jersey, 1949. 
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was later reviewed by J. D. Loudon 3 in Rodd’s “Chemistry of Carbon 
Compounds,” and by J. W. Cornforth 4 in “Heterocyclic Compounds” 
edited by Elderfield, the latter being more comprehensive and illustrative 
in the subject matter coverage. Both of these monographs appeared in 
1957 and covered the literature only up to the end of 1955. Several other 
monographs on the chemistry of heterocyclic compounds 6-9 have also 
dealt with some aspects of oxazole chemistry but in a necessarily brief 
manner. Specific topics in oxazole chemistry have been covered in further 
reviews. 10 ’ 11 Advances in the syntheses of alkenyl monomers containing 
the oxazole nucleus have also been the subject of a short review. 12 Two 
most recent reviews deal with some of the physicochemical and spectros¬ 
copic properties of oxazoles in conjunction with other heterocycles. 13 ' 14 

The aim of the present review is to survey the numerous developments 
made in the field of oxazole chemistry from the beginning of 1955 to the 
end of 1972. The emphasis has been placed on methods of synthesis and 
reactions of the mononuclear oxazoles; therefore only a few references 
are given to condensed oxazoles (such as benzoxazoles and naphthoxazoles). 
No attempt will be made to review the extensive literature on reduced 
oxazoles, oxazolinones, oxazolidones, and related compounds. This review 


3 J. D. Loudon, in "Chemistry of Carbon Compounds” (E. H. Rodd, ed.), Vol. IVA, 
pp. 353-361. Elsevier, Amsterdam, 1957. 

4 J. W. Cornforth, in “Heterocyclic Compounds” (R. C. Elderfield, ed.), Vol. 5, 
pp. 298-336. Wiley, New York, 1957. 

5 R. M. Acheson, “Introduction to the Chemistry of Heterocyclic Compounds,” 2nd ed. 
Wiley (Interscience), New York, 1967. 

* A. Albert, “Heterocyclic Chemistry, an Introduction,” 2nd ed. Athlone Press, 
London, 1968. 

7 L. A. Paquette, “Principles of Modern Heterocyclic Chemistry.” Benjamin, New 
York, 1968. 

8 A. R. Katritzky and J. M. Lagowski, “The Principles of Heterocyclic Chemistry.” 
Methuen, London, 1967. 

9 M. H. Palmer, “The Structure and Reactions of Heterocyclic Compounds.” Edward 
Arnold, London, 1967. 

10 H. Bredereck, R. Gompper, H. G. von Schuh, and G. Theilig, in “Newer Methods of 
Preparative Organic Chemistry” (W. Foerst, ed.), Vol. Ill, p. 241. Academic Press, 
New York, 1964. 

11 M. Ya. Karpeiskii and V. L. Florent’ev, Usp. Khim. 38(7), 1244-1256 (1969); Russ. 
Chem. Rev. 38(7), 540-546 (1969). 

12 Y. Iwakura, Senryo To Takuhin 13, 391-396 (1968); Chem. Abstr. 70, 46709 (1969). 
18 A. R. Katritzky, ed., "Physical Methods in Heterocyclic Chemistry,” Vol. III. 

Academic Press, New York, 1971. 

14 A. R. Katritzky, ed., “Physical Methods in Heterocyclic Chemistry,” Vol. IV. 
Academic Press, New York, 1971. 
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has been planned in such a way as to give the complete chemistry of this 
heterocycle when combined with the earlier review by Cornforth. 4 


II. Syntheses of the Oxazole Ring System 


In the following sections we have attempted to rationalize numerous 
methods available for the synthesis of oxazoles. It was convenient to 
classify the syntheses according to the starting materials used rather 
than adopting the specific bond formations. Occasionally the closely 
related starting materials have been incorporated under one heading, 
and scope and limitations have been pointed out. 


A. From o-Acylamino Carbonyl Compounds 
(The Robinson-Gabriel Synthesis) 

One of the classical methods of the formation of oxazoles is the cycliza- 
tion of a-acylamino carbonyl compounds (1). This synthesis has, in fact, 
been the subject of oxazole research for more than a century, since the 
first example of this cyclization is the synthesis of “benzilam” (2,4,5- 
triphenyloxazole) in 1845 by Laurent. 16 Almost six decades later, Robinson 16 
and Gabriel 17 in their independent but systematic investigation of this 
reaction employed concentrated sulfuric acid and phosphorus penta- 
chloride, respectively, to effect the ring closure. 


HC—NH 

R*-c( 7 c-r 
N o a 
(D 


V 


Apparently, of these two dehydrating agents, sulfuric acid has been 
adopted more widely 18 because it affords better yields and practically no 
by-products. Very often this is the reagent of choice for the synthesis 


15 M. Laurent, J. Prakt. Chem. 35, 461 (1845). 

“ R. Robinson, J. Chem. Soc. 95, 2167 (1909). 

”S. Gabriel, Ber. 43, 134, 1283 (1910). 

‘•O. P. Shvaika and G. P. Climisha, Khim. Geterotsikl. Soedin. 2, 677 (1966); Chem. 
Heterocyd. Comp. 2, 517 (1966). 
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of 2,5-diaryloxazoles. 19-24 Castek and Prostenik 26 have prepared some 
2,4,5-trialkyloxazoles in 65-90% yields by cyclodehydration of the 
corresponding a-acylamino ketones with concentrated sulfuric acid. 
However, the general procedure utilizing sulfuric acid, at or above room 
temperature, to give the oxazole fails to yield the desired product in 
certain cases when larger aryl groups are present. 26 In such instances the 
oxazoles were successfully obtained by refluxing the oxo-amides (1) with 
large excess of phosphorus oxychloride, 26 a method which is now used 
almost exclusively. 24 ' 27-34 

The cyclization has also been carried out successfully in the presence 
of other dehydrating agents 36 such as phosphorus pentoxide, 36 thionyl 
chloride, 37 ' 38 a mixture of acetic anhydride and concentrated sulfuric 

>» 0. Trosken, German Patent 926,249 (1955); Chem. Abstr. 52, 3867 (1958). 

20 A.-G. Kalle, British Patent 874,634 (1961); Chem. Abstr. 58, 6833 (1963). 

21 0. Sues, W. Neugebauer, E. Lind, and K. W. Kluepfel, U.S. Patent 3,257,203 (1966); 
Chem. Abstr. 65, 16973 (1966). 

22 0. Manabe, T. Nagakoshi, and H. Hiyama, Yuki Gosei Kagaku Kyokai Shi 26, 
355 (1968); Chem. Abstr. 69, 67291 (1968). 

23 V. G. Chekhuta and A. A. Kuz’menkov, Metody Poluch. Khim. Reaktivov Prep. 
22, 98 (1970); Chem. Abstr. 77, 126478 (1972). 

24 S. D. Paul and D. L. Dhane, J. Indian Chem. Soc. 49, 279 (1972); Chem. Abstr. 
77, 48313 (1972). 

25 A. Castek and M. Prostenik, Bull. Sci., Conseil Acad. RSF Yougoslavie 11, 100 (1966); 
Chem. Abstr. 65, 20115 (1966). 

26 F. N. Hayes, B. S. Rogers, and D. G. Ott, J. Amer. Chem. Soc. 77, 1850 (1955). 

27 N. Saito and C. Tanaka, J. Pharm. Soc. Jap. 76, 305 (1956); Chem. Abstr. 50, 13873 
(1956). 

26 C. Tanaka and N. Saito, Yakugaku Zasshi 82, 136 (1962); Chem. Abstr. 58, 3407 
(1963). 

22 C. Tanaka, Yakugaku Zasshi 85, 186 (1965); Chem. Abstr. 62, 16222 (1965). 

80 N. Saito, T. Kurihara, S. Yasuda, K. Yamanaka, S. Tsuruta, T. Tanaka, and 
Y. Inamori, Yakugaku Zasshi 88, 1610 (1968); Chem. Abstr. 70, 87639 (1969). 

81 G. Mattalia and E. Marchetti, Farmaco, Ed. Sci. 26, 512 (1971); Chem. Abstr. 75, 
76658 (1971). 

32 E. Marchetti, German Offen. 2,108,437 (1971); Chem. Abstr. 76, 46188 (1972). 

33 S. E. Kovalev, B. M. Krasovitskii, and E. A. Shevchenko, USSR Patent 327,226 
(1972); Chem. Abstr. 77, 36389 (1972). 

84 S. D. Paul, D. L. Dhane, K. A. Noras, and A. U. Mushrit, J. Indian Chem. Soc. 

49, 579 (1972); Chem. Abstr. 77, 114285 (1972). 

83 M. Matsuo, T. Sakaguchi, and T. Akamatsu, German Offen. 2,050,711 (1971) ; 
Chem. Abstr. 75, 50423 (1971). 

86 F. N. Hayes, L. C. King, and D. E. Peterson, J. Amer. Chem. Soc. 74, 1106 (1952). 

87 C. G. Alberti, L. Bernardi, B. Camerino, S. Redaelli, and A. Vercellone, Gazz. Chim. 
Ital. 83, 922 (1953). 

83 F. Korte and K. Storiko, Chem. Ber. 93, 1033 (1960). 
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acid, 38-40 and 98% phosphoric acid in acetic anhydride. 41 The reported 
yields of oxazoles are from over 60% to almost quantitative. 

In one of the modifications 40 of this method a-aminoacetophenone 
hydrobromide has been simultaneously acetylated and cyclized in one 
step by heating with a mixture of acetic anhydride and concentrated 
sulfuric acid at 70-80°C to give 2-methyl-5-phenyloxazole in good yield 
[Eq. (1)]. 


H a C—NH,- HBr 

c 6 h 5 /C ^o 


(CH s CO) a O 


H..SO, 
70°- 80° 


<^~V-CH S (1) 
O 


In some instances, at least, the cyclization can be carried out under 
very mild conditions. 42 Treatment of a-aminoacetophenone hydrochloride, 
for example, with /3-carbomethoxypropionyl chloride in the presence of 
pyridine gives methyl /3-(5-phenyloxazole-2-yl) propionate (2). 


C 6 H 5 COCH 2 NH 2 • HC1 


Cl—C—CH 2 CH 2 COOMe 


pyridine 


-CHjCHjCOOMe 


A large number of 2- and 4-oxazolecarboxylic acid esters have been 
synthesized by this method using appropriate a-acylamino carbonyl com- 
pounds. 27-30 ’ 38 ’ 40 

Wiegand and Rathburn 43 have recently reported that polyphosphoric 
acid cyclization of a-acetamido ketones gives 2,4,5-trialkyloxazoles in 
yields equal to or greater than those obtained with sulfuric acid. Japanese 
workers 44 claim that phosgene (COCU) in the presence of an organic 
base is another useful reagent to affect cyclization of suitably substituted 

31 E. Gustak, Ark. Kern. 24, 15 (1952); Chem. Abstr. 49, 296 (1955). 

40 G. Ya. Kondrat’eva and C.-H. Huang, Zh. Obshch. Khim. 32, 2348 (1962); J. Gen. 
Chem. USSR 32, 2315 (1962). 

41 V. N. Kerr, F. N. Hayes, D. G. Ott, R. Lier, and E. Hansbury, J. Org. Chem. 24, 
1864 (1959). 

42 John Wyeth and Brother Ltd., French Patent 1,587,052 (1970); Chem. Abstr. 74, 
53765 (1971). 

43 E. E. Wiegand and D. W. Rathburn, Synthesis, 648 (1970). 

44 R. Maeda, M. Takehara, and Y. Yoshida, Japanese Patent 34,422 (1971); Chem. 
Abstr. 76, 3838 (1972). 
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a-acylamino carbonyl compounds to 2,4,5-trisubstituted oxazoles. 
Thermally stable poly (phenyleneoxazoles) (3) are obtained by thermal 
cyclodehydration of the corresponding polyamide precursor at 300° and 
2 mm pressure. 46 



One of the major problems encountered in this synthesis is the difficulty 
of obtaining the starting materials (either the a-aminocarbonyl compounds 
or their acylated derivatives). The former may be prepared by Neber 
rearrangement of ketoxime tosylates with a base such as ethoxide or 
pyridine. 46 a-Acylamino carbonyl compounds can be prepared directly 
by the reductive acetylation of oximino ketones. 28 ’ 38 Balaban and his 
collaborators 47-60 have developed an excellent method for the synthesis 
of a-acylamino ketones (5). They are obtained in yields of 50-90% by 
the reaction of azlactones (2-aryl-5-oxazolone, 4) with aromatic hydro¬ 
carbons in the presence of aluminum chloride under Friedel-Crafts condi¬ 
tions; the reaction may proceed either intermolecularly or intramolecularly. 

“’f—f "-TT 

HOOC OC—Ar ( - H a O) tT (A1C1,) Ar'— CO OC—Ar 

(4) (5) 

Phosphorus oxychloride has been used for the cyclization of (5) to 
2,5-diaryloxazoles. 47-60 

In a variation of this synthetic method 2-phenyl-2-oxazoline-5-one is 
treated with heterocyclic amines in refluxing tetrahydrofuran to give 6, 
which on cyclization gives the corresponding 5-heteroarylamino-2- 
phenyloxazole. 61 

46 T. Shono, M. Hachihama, and K. Shinra, J. Polym. Sci., Part B 5, 1001 (1967); 
Chem. Abstr. 67, 117382 (1967). 

48 C. O’Brien, Chem. Rev. 64, 81-89 (1964). 

47 P. T. Frangopol, A. T. Balaban, L. B. Blrladeanu, and E. Cior&nescu, Tetrahedron 
16, 59 (1961). 

46 E. Cior&nescu, L. Blrladeanu, P. T. Frangopol, and A. T. Balaban, Rev. Chim., Acad. 
Rep. Populaire Roumaine 7, 755 (1962). 

48 A. T. Balaban, I. Bally, P. T. Frangopol, M. Bacescu, E. Cior&nescu, and 
L. Blrladeanu, Tetrahedron 19, 169 (1963). 

60 A. T. Balaban, L. Blrladeanu, I. Bally, P. T. Frangopol, M. Mocanu, and Z. Simon, 
Tetrahedron 19, 2199 (1963). 

51 M. V. Strandtmann, U.S. Patent 3,624,097 (1971); Chem. Abstr. 76, 59602 (1972). 
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a 


nh 2 




H z C-NH 


NH—CO OC—Ph 


(6) 


3,5-Diaryloxazolium iodides (7) have been prepared 62 by heating 
iV-aryl-iV-acetyl-a-aminoacetophenones with phosphorus pentoxide at 
150° for 0.5 hour, and subsequent treatment of the product with potassium 
iodide. 


HjC-N—Ar' 1. p a o,/ 150 ° 

Ar-CO OC—CH a 2 111 


Ar' 



CH S I- 


(7) 


Practically no effort has so far been made to study the mechanism of 
this synthesis. Cornforth, in his review, 4 has suggested two possible routes 
for cyclization of the keto amides. Alberti and his co-workers 37 have sup¬ 
ported the mechanism of transformation of a-acylamino ketones to 
oxazoles by the enolization of two carbonyl groups [Eq. (2)], a mechanism 
proposed by Wiley. 1 


c—N 
HO OH 


Hb 


(2) 


This mechanism, however, does not explain the exact nature of partici¬ 
pation of the cyclodehydrating agents. It is also uncertain which of the 
two oxygen atoms is expelled on cyclization. 


1 E. D. Sych and 0. V. Moreiko, Khim. Geterotsikl. Soedin. 6, 1034 (1970); Chem. Abstr. 
74, 143297 (1971). 
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B. From Acyl Derivatives of <*-Amino Acids 

Heating an a-amino acid with acetic anhydride in the presence of 
sodium acetate or pyridine and subsequently treating the product with 
phosphorus pentachloride 63 or sulfuric acid 64 to give 4-substituted 2,5- 
dimethyloxazoles (8) is essentially the Wrede synthesis. 63 This procedure 
has not, however, found much practical utility as a synthetic method due 
to relatively poor yields of the oxazoles (about 15% generally, except in 
two cases where yields of over 50% have been reported). 64 At present 
there is no doubt that the first stage in this synthesis is a Dakin-West 
reaction producing an a-acetamido ketone which cyclizes readily in the 
second stage. 


Ac 2 0 

HOOCCHRNHCOCHj - 

NaOAc 
or pyridine 


CO COCHj 
CH 2 COOH 


RCH—NH 

I I 

CH s CO COCH, 


The decarboxylative acylation of a-aminophenylacetic acid in refluxing 
acetic anhydride alone gives about 20% yield of 2,5-dimethyl-4- 
phenyloxazole and a similar amount of uncyclized a-acetamido-a- 
phenylacetone. 66 2-Vinyl- and 2-isopropenyl-4,5-dimethyloxazoles have 
been prepared in good yields by the Dakin-West reaction of V-acryloyl- 
and V-methacryloyl-a-alanine, respectively, followed by cyclization of 
the oxoamides in PPA at 140°C for 4 hours. 66 ' 67 


53 F. Wrede and G. Feuerriegel, Z. Physiol. Chem. 205, 198 (1932); 218, 129 (1933); 

F. Wrede, ibid. 206, 146 (1932). 

“ R. H. Wiley, J. Org. Chem. 12, 43 (1947). 

66 J. A. King and E. H. McMillan, J. Amer. Chem. Soc. 77, 2814 (1955). 

se Y. Iwakura, F. Toda, N. Kusakawa, and H. Suzuki, J. Polym. Sci., Part B 6, 5 (1968); 
Chem. Abstr. 68, 50147 (1968). 

67 Y. Iwakura, F. Toda, H. Suzuki, N. Kusakawa, and K. Yagi, J. Polym. Sci., Part A-l 
10, 1133 (1972); Chem. Abstr. 77, 62340 (1972). 
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a-Acylaminoacrylic acids are decarboxylated in pyridine by heating 
on an oil bath with p-nitrobenzaldehyde to yield 2-substituted 4-methyl-5- 
(p-nitrophenyl)oxazoles (9) in 66-89% yields. 68 This reaction is different 
from the Wrede synthesis. 63 


h,c 



R = H, Me, or Ph 
(9) 


Alkoxybenzenes and -naphthalenes when treated at elevated tempera¬ 
tures with acylated a-amino acids in the presence of polyphosphoric 
acid react to give 2,4,5-trisubstituted oxazoles. 69 A typical reaction is 
illustrated in Eq. (3). 



A-Benzoylalanine on fusion with phosphorus pentachloride yields, 
depending on the temperature, 2-phenyl-5-chloro-4-chloromethyl(or -4- 
dichloromethyl)oxazole in low yields (20-25%). 60 


C. From Acyl Derivatives of «-Amino Acid Esters 
(5-Alkoxyoxazoles) 

The synthesis of 5-alkoxyoxazoles (10) from acylated a-amino acid 
esters is analogous to the cyclization of a-acylamino carbonyl compounds 
(1). The reactions are usually carried out in the presence of phosphorus 
pentachloride or pentoxide in chloroform solution. 

56 S. Emoto and M. Ando, J. Agr. Chem. Soc. Jap. 35, 1030 (1961); Chem. Abstr. 
60, 8121 (1964). 

59 P. Schlack and W. Koller, German Patent 1,109,690 (1958); Chem. Abstr. 56, 8719 
(1962). 

69 T. Wieland, B. Hennig, and W. Loewe, Chem. Ber. 95, 2232 (1962). 
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R'— CH—NH 


I 


R"0—CO OC—R 


R' 

—N^ 

R"0—C^ ^JC —R 


(10) 


Subsequent developments, including cyclizations by means of benzene- 
sulfonyl chloride or silver benzenesulfonate in pyridine, and by phosphoryl 
or thionyl chloride have already been reviewed by Cornforth. 2 - 4 Of the 
above cyclodehydrating agents, phosphorus pentoxide is generally preferred 
to effect cyclizations smoothly; 40 for example, phosphorus pentachloride 
tends to give oxazoles chlorinated in the side chain, 60 as shown in Eq. (4). 


H,C—CH—NH p 

c 6 h s oco oc—c 6 h„ 



■c 6 h 5 

(4) 


Acylaminomalonic esters give 5-alkoxyoxazole-4-carboxylic esters (11) 
in 35-54% yield. 61 - 62 A number of (5-ethoxyoxazole-4-yl)-acetic and 


R'OOC-CH—NH P^/CHCl, 

R'O—CO OC—R reflux. 6 hr 


R'OOC 


-propionic acid esters (12, n = 1 or 2) have also been prepared by the 
application of this synthesis. 63 

An interesting example of a competitive ring closure reaction yielding 
a 5-methoxyoxazole (13) in preference to the expected 3,4-dihydro- 
isoquinoline derivative (14) has been reported by Reeve and Pare. 64 


61 M. Grifantini and M. L. Stein, Ann. Chim. (Rome) 55, 576 (1963); Chem. Abstr. 
63, 13234 (1965). 

62 M. Grifantini, M. L. Stein, and A. Temperilli, Ann. Chim. (Rome) 56, 946 (1966); 
Chem. Abstr. 66, 37805 (1967). 

63 M. Kawazu, M. Seto, M. Watanabe, I. Wada, and E. Kaneko, Japanese Patent 
43,383 (1971); Chem. Abstr. 76, 59598 (1972). 

64 W. Reeve and P. J. Pare, J. Amer. Chem. Soc. 79, 675 (1957). 
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(35-50%) 

(13) 



OMe 


(about 0-3%) 

(14) 

The last decade has seen considerable interest, especially, in the synthesis 
of 4-methyl-5-alkoxyoxazoles (and related compounds) 66-74 as they are 
valuable intermediates for the synthetic production of vitamin B e (py- 
ridoxine) and its analogs, through Diels-Alder reaction with suitable 
dienophiles 66 ’ 68- 70 ’ 73 (see Section IV, D). Alkyl V-formylalaninates (15) 

65 E. E. Harris, R. A. Firestone, K. Pfister, R. R. Boettcher, F. J. Cross, R. B. Currie, 
M. Monaco, E. R. Peterson, and W. Reuter, J. Org. Chem. 27, 2705 (1962). 

“ K. Pfister and E. E. Harris, Belgian Patent 617,499 (1962); Chem. Abstr. 59, 634 
(1963). 

67 F. Hoffmann-La Roche & Co., A.-G., Netherlands Patent Appl. 6,508,673 (1966); 
Chem. Abstr. 64, 14193 (1966). 

68 K. Pfister, E. E. Harris, and R. A. Firestone, U.S. Patent 3,227,721 (1966); Chem. 
Abstr. 64, 9689 (1966). 

88 R. A. Firestone, E. E. Harris, and W. Reuter, Tetrahedron 23, 943 (1967). 

78 P. F. Mtlhlradt, Y. Morino, and E. E. Snell, J. Med. Chem. 10, 341 (1967). 

71 S. Asai and R. Yoshida, Japanese Patent 18,773 (1968); Chem. Abstr. 70,68346 (1969). 

72 S. Asai and R. Yoshida, Japanese Patent 18,772 (1968); Chem. Abstr. 70, 77940 (1969). 
78 M. V. Balyakina, Z. N. Zhukova, and E. S. Zhdanovich, Zh. Prikl. Khim. ( Leningrad ) 

41, 2324'(1968); Chem. Abstr. 70, 68074 (1969). 

74 T. Naito, Y. Morita, S. Onishi, and I. Tabara, Japanese Patent 30,816 (1970); Chem. 
Abstr. 74, 42347 (1971). 
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Me 

formylation Me—CH—NH P 2 0 5 /CHCI a // \\ 

ROOC(CHMe)NH,- — | | -»- RO—<7 V 

RO-CO OC—H X 0 X 

(15) 

(obtained by the formylation of alkyl alaninates with formic-acetic 
anhydride, 66 formamide, 68 or ethyl formate) 73 have exclusively been 
cyclized in chloroform solutions using phosphorus pentoxide as the de¬ 
hydrating agent or in conjunction with some added catalysts or diluents 
such as boron trifluoride etherate, 67 metal oxides (alumina 71 or magnesium 
oxide), 74 or tributyl phosphate. 72 The product is isolated either by ether 
extraction or steam distillation of the aqueous alkali-treated reaction 
mixture. In general, yields of 50% and over, sometimes almost quantitative, 
have been reported. 

Japanese workers 76 claim the superiority of a phosgene-triethylamine 
mixture (ratio 1:2) over other conventional dehydrating agents. Thus, 
they devised a novel synthesis of 4-methyl-5-alkoxyoxazole-2-carboxylic 
acid esters (17) by condensation of alkyl alaninate hydrochloride with 
diethyl or dimethyl oxalate followed by cyclization of the product (16). 


R'O-co oc—coon 


-COOR 


An interesting variant is the preparation of 4-methyl-(5-ethylthio )- 
oxazole (19), a potential intermediate for the synthesis of vitamin B e , 
from N- (formylthio) alanine S-ethyl ester (18) under the influence of 


HC—NH 

EtS—C V—H 

O s / 

(18) 


BF 3 Et 2 0 P 2 0 5 /CHCl a 


(19) 


(20) 

75 1. Maeda, M. Takehara, K. Togo, S. Asai, and R. Yoshida, Bull. Chem. Soc. Jap. 
42, 1435 (1969). 
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boron trifluoride, followed by refluxing the syrupy complex product 
with phosphorus pentoxide in chloroform. 76 Possibly, the corresponding 
thiazole derivative (20) is not formed in appreciable amounts, as almost 
quantitative yield of the oxazole (19) has been reported. 

Another modification by Japanese workers 77 is reminiscent of both 
this and the preceding synthetic method as far as the starting material 
is concerned. Interaction of A-formylalanine with ethyl chloroformate 
in the presence of triethylamine at —10 to —20° affords an 80% yield 
of 4-methyl-5-ethoxycarbonyloxyoxazole (21). The reaction has been 


H»C—CH — NH 

II- 

HOOC CHO 


2CICOOEt/Et 3 N 



(22) 


suggested to occur through the enol (22) of 4-methyl-2-oxazolin-5-one. 
In fact, 2-methyl-4-benzyl-2-oxazolin-5-one does react with ethyl chloro¬ 
formate to give 2-methyl-4-benzyl-5-ethoxycarbonyloxyoxazole. 77 


D. From cz-Isocyano Carbonyl Compounds 

An isolated example of the cycloisomerization of a /3-keto isocyanide to 
an oxazole derivative is the ready cyclization [Eq. (5)] of p-methoxy- 
benzoylmethyl isonitrile on warming in neutral medium to give a practic¬ 
ally quantitative yield of 5-p-methoxyphenyloxazole. 78 


a 


£-MeOC 6 H 4 - 


(5) 


76 T. Naito, K. Ueno, and T. Miki, Japanese Patent 23,088 (1969); Chem. Abstr. 71, 
124405 (1969). 

77 M. Murakami and M. Iwanami, Bull. Chem. Soc. Jap. 41, 726 (1968). 

78 1. Hagedorn, U. Eholzer, and H. D. Winkelmann, Angew. Chem. Int. Ed. Engl. 
3, 647 (1964); I. Hagedorn, U. Eholzer, and H. Etling, Chem. Ber. 98, 193 (1965). 
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In 1968 Japanese workers 79 filed a patent application in which was 
described the preparation of 4-methyl-5-alkoxyoxazoles by thermal 
cyclization of lower alkyl esters of (a-isocyano)alkylcarboxylic acids (23). 
This application, followed by a detailed paper, claims a yield of 20-40% 
of the oxazole, accompanied by some other products such as the isomeric 
cyanide and its dimer. The mechanism of this reaction is uncertain, but 


6x CH—N + autoclave // MeCHCN 

I III. -»-RO-<( > + 

R0 / C ^ 0 C 180 75 hr \ 0 / COOR 

(23) 




it is believed to occur through the abstraction of the a-hydrogen of the 
isonitrile (23). 80 This method deserves further investigation. 

Recently, a novel and efficient synthesis of oxazoles from tosylmethyl 
isocyanide and carbonyl compounds has been discovered by van Leusen 
et al. si Thus, 5-aryloxazoles are prepared in 57-91% yield by refluxing 
tosylmethyl isocyanide (24) and aromatic aldehydes in methanol in the 
presence of potassium carbonate. 


Ts-CH 2 —N=C 

(24) 



(26) 

Apparently the reaction takes place by the nucleophilic attack of 

79 1. Maeda, S. Asai, and R. Yoshida, Japanese Patent 19,953 (1968); Chem. Abstr. 
70, 68347 (1969). 

** I. Maeda, K. Togo, and R. Yoshida, Bull. Chem. Soc. Jap. 44, 1407 (1971). 

81 A. M. van Leusen, B. E. Hoogenboom, and H. Siderius, Tetrahedron Lett., 2369 (1972). 
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tosylmethyl isocyanide anion (25) on the aldehyde, followed by ring closure 
and elimination of p-toluenesulfinic acid. The intermediate 4-tosyl-A 2 - 
oxazolines (26) may be isolated at lower reaction temperatures (e.g., 
at 20°C). 81 

The replacement of acid chlorides or anhydrides for the aldehyde 
component offers a route to oxazoles (28) with a tosyl substituent in the 
4-position. The reaction is presumed 81 to occur via the acyl derivatives 
(27), which, however, have not been isolated. But, nevertheless, the 



(28) 


intermediate (27) is analogous to a /3-keto isonitrile which is known to 
cycloisomerize to give an oxazole. 78 


E. From «-Halo Carbonyl Compounds and Amides 

The synthesis of Blumlein 82 and Lewy, 83 which affords moderate yields 
of 2,4-disubstituted oxazoles (29) (having at least one aryl group) by 
the condensation of a-halo ketones with amides (other than formamide) 
is even at present a method of choice because of the ready availability of 
the starting materials. It has been extensively applied to the preparation 
of many 2,4-disubstituted oxazoles 20 ' 21 ' 40 ' 84-86 and is equally applicable 


R '-C=0 NH S 


o^ c - R 


o 

(29) 


82 F. 0. Blumlein, Ber. 17, 2578 (1884). 

98 M. Lewy, Ber. 20, 2576 (1887); 21, 924, 2192 (1888). 

69 G. Theilig, Chem. Ber. 86, 96 (1953). 

66 1. Simiti and E. Chindris, Arch. Pharm. ( Weinheim ) 304, 425 (1971). 

86 D. M. O’Mant, British Amended 1,139,940 (1969); Chem. Abstr. 75, 140825 (1971). 
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when a trisubstituted oxazole is required. The reaction is usually carried 
out by heating the reactants together at or above 110°. 

In the case of lower alkyl amides the components are heated in a high- 
boiling inert solvent such as xylene or dimethylformamide. 87 ' 88 Ethyl 
a-chloroacetoacetate reacts with benzamide at 180° to give a very poor 
yield of ethyl 2-phenyl-4-methyloxazole-5-carboxylate. 27 

Perhaps the simplest method of oxazole synthesis would involve bromina- 
tion of a ketone in the presence of an amide as shown in Eq. (6), that is, 
generating the required a-bromo ketone in situ. Marquez 89 thus prepared 
several 4-phenyl 2,5-disubstituted oxazoles by adding calculated amounts 
of bromine to a heated mixture of ketone and amide. With unsymmetrical 


Ph— co 


I 

R—CH 2 


Ph—CO 

I 

R-CH 


-R' 


( 6 ) 


ketones, where bromination at two sites is possible, a mixture of two 
isomeric oxazoles would be expected. 

This method has afforded some 2-phenyl-4-(/3-aminoethyl)-, and 
2-phenyl-4-(/3-disubstituted-aminoethyl) oxazoles from benzamide and the 
appropriate substituted bromobutanones. 90 A 5-oxazolylethanol derivative 
is obtained from the corresponding substituted a-chloro ketone and amide 
in the presence of calcium carbonate (to neutralize the generated hydrogen 
chloride.) 91 Condensation of a-bromophenylacetaldehyde and p-bromo- 
benzamide at 110°—120° gives 50% yield of 2-p-bromophenyl-5-phenyl- 
oxazole. 18 

Probably the most valuable advance in the field of oxazole syntheses 
has come from the methods developed by Bredereck and his co-workers. 92-94 
The so-called “formamide synthesis” of Bredereck et al. involves, especially 
in this case, the interaction of a-halo ketones with formamide and usually 
results in high yields of oxazoles (50-70%). 

Although reviews dealing with general syntheses involving formamide 


67 J. Haginiwa, J. Pharm. Soc. Jap. 73, 1310 (1953); Chem. Abstr. 49, 298 (1955). 

68 1. Saikawa and S. Takano, Japanese Patent 21,866 (1971); Chem. Abstr. 75, 76773 
(1971). 

69 F. Marquez, An. Real Soc. Espan. Fis. Quim. Ser. B 57, 723 (1961); Chem. Abstr. 
57, 12467 (1962). 

90 M. Tavella, Ann. Chim. [Rome) 53, 488 (1963); Chem. Abstr. 59, 7507 (1963). 

61 U. H. Lindberg, J. Pedersen, and B. Ulff, Acta Pharm. Suedca 4, 269 (1967). 

92 H. Bredereck and G. Theilig, Chem. Ber. 86, 88 (1953). 

93 H. Bredereck and It. Gompper, Chem. Ber. 87, 700 (1954). 

94 H. Bredereck and R. Gompper, Chem. Ber. 87, 726 (1954). 
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and other acid amides have already appeared, 10 ' 96 a summary of the work 
pertaining to oxazole synthesis is desirable at this stage. The general 
reaction can be formulated as in Scheme 1. 



(34) 

Scheme 1 


Initially a-halo ketones (30) react with formamide to give iminoesters 
(31), which then either ring-close to the oxazoles (32) or decompose to 
form a-hydroxy ketones (33). The a-hydroxy ketones formed in this 
way react with excess formamide in the presence of liberated hydrogen 
halides or the added quantity of sulfuric acid to give a-formoxy ketones 
(34) which then yield the oxazoles (32) with formamide. 10 ' 96 On the other 
hand, a-hydroxy ketones and formamide in the absence of added sulfuric 
acid yield imidazoles (35) predominantly. 92 Evidence for this reaction 
pathway came from the observations that a-formoxy ketones could be 
isolated, and reaction with formamide converted them into the oxazoles. 94 

The formation of oxazoles generally predominates at around 130° 
when slightly more than a molar quantity of formamide is used. At higher 
temperatures (180 o -200°C) and with a large excess of formamide, the 

86 H. Bredereck, R. Gompper, H. G. von Schuh, and G. Theilig, Angew. Chern. 71, 
753-774 (1959). 
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imidazole ring is formed preferentially. 84 Acetals of higher a-bromoalde- 
hydes and formamide yield monosubstituted imidazoles and oxazoles. 90 
The oxazole synthesis is about equally successful when a-halo ketones are 
boiled with a mixture of ammonium formate and formic acid (large excess) 
in place of formamide and concentrated sulfuric acid. 93 Lindberg et al. 97-100 
have used either polyphosphoric acid or sulfuric acid with formamide to 
prepare a number of 2-unsubstituted oxazoles including 5-oxazolylethanol 
and 5-oxazolylmethanol derivatives. 

The ammonium formate in formic acid procedure has rendered possible 
the first preparation of isomeric 4,5-disubstituted oxazoles. 93101 Bredereck, 
Gompper, and Reich 101 have reported the anomalous behavior of certain 
long-chain a-bromo ketones: a single a-bromo ketone on reaction with 
ammonium formate in formic acid gives a mixture of two isomeric oxazoles. 
Refluxing of a-bromo ketones or of a-chloro-/3-keto esters with ammonium 
acetate in acetic acid results in the formation of substituted 2-methyl- 
oxazoles. 40 ' 102 Ethyl a-chloroacetoacetate on heating with ammonium 
carbonate or formamide in formic acid yields 4-methyloxazole-5-carboxylic 
ester. 40 ’ 103 

In a reaction analogous to the synthesis of 2-aminothiazoles from 


c=o 
R H X 


H,N 

0^ Cv NR»R" 


DMF, 105° 
50 hr 


'C=0 NH 2 
'h^O"' "'NR"R"' 

(36) 


R- 


o 

(37) 


96 H. Bredereck, R. Gompper, R. Bangert, and H. Herlinger, Angew. Chem. 70, 269 
(1958). 

97 U. H. Lindberg, Acta Pharm. Suecica 3, 161 (1966). 

98 U. H. Lindberg, G. Bexell, J. Pedersen, and S. Ross, Acta Pharm. Suecica 7, 423 
(1970). 

99 U. H. Lindberg, Acta Pharm. Suecica 8, 39 (1971). 

100 U. H. Lindberg, G. Bexell, and B. Ulff, Acta Pharm. Suecica 8, 49 (1971). 

101 H. Bredereck, R. Gompper, and F. Reich, Chem. Ber. 93, 723 (1960). 

102 H. Bredereck, R. Gompper, and F. Reich, Chem. Ber. 93, 1389 (1960). 

103 A. Dornow and H. Hell, Chem. Ber. 94, 1248 (1961). 
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a-halo ketones and thioureas, Gompper and Christmann 104 found that 
a-halo ketones condense with urea, N-mono-, and N,N-disubstituted 
ureas in dimethylformamide (DMF) solution to yield the corresponding 
2-aminooxazoles (37). 100 ' 104-107 The mechanism of the reaction is uncertain, 
but is believed to proceed through the intermediate (36). 

Generally the yields of 2-aminooxazoles (37) are moderate to good; 
with 2-amino-4,5-diphenyloxazole maximum yield of 91% has been 
obtained. Poor yields of the oxazoles are often accompanied by the forma¬ 
tion of imidazoles and 2-imidazolones as by-products. 104 

Najer, Giudicelli, and Menin 108 have used the method to prepare a 
number of substituted 2-aminooxazoles, e.g., 4,5-tetramethylene- and 
4,5-pentamethylene-2-aminooxazole from the corresponding a-bromo- 
cycloalkanones and urea. Bromoacetaldehyde reacts with urea, and 
alkyl- and arylureas to give 2-amino-, 2-alkylamino-, and 2-arylamino- 
oxazoles, while aralkylureas behave differently to give 4 (or 5)-hydroxy-2- 
oxazoline derivatives (38, 39). 109 These 2-aralkylamino-4-hydroxy- or 
-5-hydroxy-2-oxazolines (38 and 39, respectively) lose a molecule of 
water when heated at 150° to form the corresponding oxazoles (40), 
which have a peculiar property of adding, in dilute hydrochloric acid in 
the cold, 1 mole of water at position- 4,5 to give back 38 and/or 39. 



(40) 

a-Bromopropionaldehyde and -butyraldehyde when refluxed in methanol 

104 R. Gompper and 0. Christmann, Chem. Ber. 92, 1944 (1959). 

105 R. Gompper and 0. Christmann, German Patent 1,092,920 (1960); Chem. Abstr. 
55, 19951 (1961). 

106 Institute Farmacologico Serono S.p.A., French Medicinal Patent 7043 (1969); Chem. 
Abstr. 74, 100024 (1971). 

107 C. Tanaka and H. Shibakawa, Yakugaku Zasshi 91, 425 (1971). 

106 H. Najer, R. Giudicelli, and J. Menin, Bull. Soc. Chim. Fr., 2040 (1967). 

108 H. Najer, R. Giudicelli, and J. Menin, Bull. Soc. Chim. Fr., 2052 (1960). 
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for 24 hours with urea give 5-methyl- and 5-ethyl-2-aminooxazole, re¬ 
spectively. 110 The preparation of oxazoles from a-halo-/9-keto esters has 
also been reported. Japanese workers have prepared methyl 2-amino-5- 
carbomethoxy-4-oxazolylacetate (42) and ethyl 2-amino-4-ethoxycarbonyl- 
5-oxazolylacetate (44) by refluxing dimethyl 2-bromo-3-oxoglutarate (41) 
and diethyl 3-bromo-2-oxoglutarate (43), respectively, with urea in 
ethanolic medium. 111112 Ethyl 4-ethoxycarbonyl-2 (3// )-imidazolone-5- 


Et °’ c %=o 

I + CO(NH 2 )j - 

Et0 2 CH 2 C^H X Br 

(43) 


Et0 2 C 

EtOH / 

- -Et0 2 CH 2 C —\ )>—N 

reflux, 2 hr X Q X 


Et0 2 C 
Et0 2 CH 2 C 

H 

(minor product) 
(45) 



acetate (45) is obtained as a minor by-product in the latter reaction. 

The reaction between w-bromoacetophenone or its p-substituted de¬ 
rivatives and cyanourea is dependent on pH and gives either an imidazole 
or an oxazole derivative, depending on the conditions. 113 Thus, equimolar 
amounts of w-bromoacetophenones and cyanourea in the presence of 
2.5-3 M sodium acetate in ethanolic medium give 30-50% yield of the 
corresponding 2-amino-5-aryloxazole (47). The mechanism of the reaction 
is uncertain, but it is believed to proceed through the anion of cyanourea 

110 V. Wolf, P. Hauschildt, and W. Loop, Chem. Ber. 95, 2419 (1962). 

111 I. Ito, S. Murakami, and K. Tanabe, Yakugaku Zasshi 86, 300 (1966); Chem. Abstr. 
65, 3852 (1966). 

112 I. Kumashiro, Nippon Kagaku Zasshi 82, 928 (1961); Chem. Abstr. 57, 11183 (1962). 

113 H. Beyer and H. Schilling, Z. Chem. 5, 182 (1965); Chem. Ber. 99, 2110 (1966). 
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(46). This reaction is different from that of Gompper and Christmann 104 
inasmuch as the latter gives 2-amino-4-aryloxazole from the reaction of 
w-bromoacetophenones and urea. 


CN 



(46) (47) 


F. Fbom Cyanohydrins and Aldehydes (Fischer Oxazole Synthesis) 

Saturation of an equimolar mixture of aromatic aldehyde cyanohydrins 
and aromatic aldehydes in absolute ether at 0°C with dry hydrogen 
chloride results in the formation of 2,5-diaryloxazoles. 114 ' 116 The reaction 
often yields 2,5-diaryl-4-oxazolidones as by-products, and oxazolid-4-ones 
are the only products or major by-products if either of the starting 
materials is aliphatic. 

Balaban and Frangopol 116 observed that the addition of thionyl chloride 
precludes the formation of oxazolid-4-one and that the yield of 2,5- 
diphenyloxazole (PPO) is a function of the amount of added thionyl 
chloride. Some patents 20 ' 21 have described the preparation of hitherto 
unknown 2,5-diaryloxazoles with amino and dialkylamino substituents 
at the para position of the benzene ring, for use as photoconductive 
materials for electrophotography. Recently the reaction has been applied 
for the one-step synthesis of halfordinol (48), an oxazole alkaloid, from 
p-hydroxymandelonitrile and nicotinaldehyde. 117 



'n' 


(48) 

Although several attempts have been made to explain the formation 
of the oxazoles and oxazolidones from a common intermediate (previously 
reviewed), 1 ' 4 the mechanism of the reaction is not yet completely under¬ 
stood. Further, the synthesis is not unambiguous as it may give a mixture 

114 E. Fischer, Ber. 29, 205 (1896). 

115 M. Ionescu and C. Makkay, Stud. IJniv. Babes-Bolyai, Ser. Chem. 8, 283 (1963). 

116 A. T. Balaban and P. Frangopol, Acad. Rep. Pop. Rom.., Stud. Cercet. Chim. 6, 427 
(1958); Chem. Abstr. 53, 16112 (1959). 

117 T. Onaka, Tetrahedron Lett., 4393 (1971). 
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of oxazole bases when the cyanohydrin is not derived from the aldehyde 
employed. 

A somewhat related reaction utilizing cyanohydrin precursors and 
benzamidine affords 4-aminooxazole derivatives. 118 Thus benzamidine 
reacts with aromatic aldehydes in the presence of hydrogen cyanide in 
aqueous methanol, forming 4-arylmethylidenamino-2-phenyl-5-aryloxa- 
zoles (50). A tentative reaction mechanism has been proposed for this 
reaction (Scheme 2), but without supporting evidence. 118 It is doubtful 


ArCHO 


Ar— CH—CN 
OH 


Ph—c( 


; NH 

'NH 2 


C=NH 
HN^ ,-NH 


Ar t NH, 
C=C 
o( N 


C=C 
O N 


'^C-N=CHAr 
' NH 2 


-nh 2 

, NH 2 


whether the 4-aminooxazole derivative (49) is a true intermediate unless it 
is isolated. Once again, like the Fischer synthesis, aliphatic aldehydes 


118 E. Haruki, H. Imanaka, and E. Imoto, Bull. Chem. Soc. Jap. 41, 1368 (1968). 
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fail to give oxazoles; a-hydroxyalkyldiphenyl-s-triazines are isolated. 
However, under the same reaction conditions wi-nitrobenzaldehyde gives 
dimethyl azoxybenzene-3,3'-dicarboxylate. 118 The mechanism of their 
formation is not considered here as it is beyond the scope of this review. 


G. From Acyl Derivatives of «-Hydroxy Ketones 


The observation by Davidson, Weiss, and Jelling 119 that acyl derivatives 
of benzoin react with ammonium acetate in glacial acetic acid to give 
excellent yields of 2-substituted 4,5-diphenyloxazole opened a new era 
in the synthesis of oxazoles. This method enabled Theilig 84 and others 129-122 
to prepare a series of otherwise inaccessible trisubstituted oxazoles (52), 
generally in high yields, by boiling the esters of aliphatic or mixed aliphatic- 
aromatic acyloins and carboxylic acids in acetic acid-ammonium acetate. 


^c=o O NH,OAc 

.c^ Ac0H 

' H O R" 


(51) (52) 

The reaction has been suggested 122 to occur through enamine inter¬ 
mediates (51) and indeed, these have been prepared by other methods 
and converted into the oxazole derivatives by boiling in glacial acetic 
acid. 123 

Conventionally the acyl derivatives of acyloins and benzoins may 
readily be obtained by reaction with acid anhydrides. The acyloin esters 
can more conveniently be prepared by allowing the corresponding a-bromo 
ketones and the sodium or potassium salts of the appropriate carboxylic 
acid to react, either in ethanol or in the acid to be esterified. The esters 
may not necessarily be isolated, and the oxazoles are obtained directly 
by adding the ammonium salt to, or passing ammonia through, the mixture, 
which is then boiled. 84 The reaction then becomes useful for the preparation 
of oxazoles (53) from a-bromo ketones and carboxylic acids. 84 ' 121 

118 D. Davidson, M. Weiss, and M. Jelling, J. Org. Chem. 2, 328 (1937). 

120 H. Bredereck, R. Gompper, and H. Wild, Chem. Ber. 88, 1351 (1955). 

121 D. L. Aldous, J. L. Riebsomer, and R. N. Castle, J. Org. Chem. 25, 1151 (1960). 

122 P. P. E. Strzybny, T. van Es, and 0. G. Backeberg, J. Org. Chem. 28, 3381 (1963). 

123 H. J. Jakobsen, E. H. Larsen, P. Madsen, and S.-O. Lawesson, Ark. Kemi 24, 519 
(1965). 
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R'COONa 

Ar—CO—CH— R - 

Br 



This method is not suited to the preparation of 2-unsubstituted oxazoles; 
the main difficulty is the preparation of the acyloin formates themselves. 
Bredereck and Gompper 94 introduced a new method of synthesizing the 
acyloin formates (54) by the treatment of acyloins in formic acid solution 
in the cold with either phosphorus trichloride or thionyl chloride. The 
yields in the three reported cases are 61-91%. These a-formyloxy ketones 
on boiling with formamide in formic acid afford the corresponding oxazoles, 
unsubstituted in the 2-position, in 61-75% yields. 94 


R ^co PCI 3 or soci 

R'jpOH HC °° H 

(54) 

In a variation 94 of this procedure, acyloins themselves have been con¬ 
verted directly into 2-unsubstituted oxazoles by reaction with formamide 
and concentrated sulfuric acid at 100 o -150°. The yields in this case, 
compared to overall yields of the two stages of the previous method, are 
either nearly the same or better. 

An interesting application of this method is a convenient synthesis 
of the parent oxazole. 124 ' 126 It is prepared by oxidizing tartaric acid with 
hydrogen peroxide to dihydroxyfumaric acid (55), the methyl or ethyl 
ester of which is condensed with formamide in the presence of hydrogen 
chloride to give 4,5-dialkoxycarbonyloxazole (56, R = Me or Et), which 
is saponified with aqueous barium hydroxide or alcoholic sodium hy¬ 
droxide. The anhydrous salt is then decarboxylated to oxazole, without 
isolation of the comparatively unstable 4,5-oxazoledicarboxylic acid, 
in 55-70% yield. 

124 H. Bredereck and R. Bangert, Angew. Chem. 74, 905 (1962); Angew. Chem. Int. Ed. 

Engl. 1, 662 (1962). 

126 H. Bredereck and R. Bangert, Chem. Ber. 97, 1414 (1964). 
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CH(OH)COOH 

CH(OH)COOH 


0=C—COOEt 
HOH C—COOEt 


NaC 

NaOOC 


HOOC 

HOOC —} \ 


HO—C-COOH 
HOOC-C—OH 



HO-C-COOEt 
HO-C—COOEt 


HO-C-COOMe 
MeOOC — C—OH 



Further, the fused-ring oxazoles (57) are readily prepared from the 
corresponding cyclic acyloins by condensation with formamide in acidic 
medium. 94 ’ 126 



AT = 4,5,6, and 10 
(57) 


Several recent patents 42 ' 127 ’ 128 describe the preparation of 4,5-disubsti- 
tuted oxazole-2-yl alkanoic acids (58) by the reaction of an a-ketol ester 
with urea in acetic acid or by acetylation of an a-ketol with a cyclic an¬ 
hydride followed by refluxing with ammonium acetate in acetic acid. 

126 H. H. Wasserman and E. Druckrey, J. Amer. Chem. Soc. 90, 2440 (1968). 

127 K. Brown, British Patent 1,206,403 (1970); Chem. Abstr. 74, 22814 (1971). 

122 K. Brown, U.S. Patent 3,578,671 (1971); Chem. Abstr. 75, 36005 (1971). 
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o 

R"'jj''0'^''(CH 2 ) rl C00H 

NH«OAc/AcOH 
or urea/AcOH 


R 



n = 2 or 3 

(58) 


a-Acyloxy-/3-keto esters under these conditions give oxazolyl-5-carboxylic 
esters. The yields are often poor to moderate. 122 ’ 129-131 Kondrat’eva and 
Huang, 40 however, have obtained ethyl 2,4-dimethyloxazole-5-carboxylate 
in over 40% yield by heating ethyl a-chloroacetoacetate with potassium 
acetate in acetic acid-acetic anhydride at 110°, followed by heating with 
ammonium carbonate [Eq. (7)]. By analogy from above, the first step 
in this reaction is the replacement of chlorine by acetoxyl. 


''CO CHjCOOK 


EtOOC-H Cl 


__^C^„-COCH, 

EtOOC h O 

I (nh,) 2 co 3 


(7) 


Another variation of this oxazole synthesis consists in the utilization 
of diesters of enediols (diacyl derivatives of the enol tautomer of a-hydroxy 
ketones). In the aliphatic series, enediol esters can directly be prepared 
from acyl chlorides and metallic sodium in ether containing a trace of 
water. When the esters react with ammonium acetate, symmetrical 

128 J. W. Cornforth and R. H. Cornforth, J. Chem. Soc., 93 (1953). 

130 N. Saito and C. Tanaka, J. Pharm. Soc. Jap. 76, 307 (1956); Chem. Abstr. 50, 13874 
(1956). 

131 C. Tanaka and N. Saito, Yakugaku Zasshi 82, 140 (1962); Chem. Abstr. 58, 3407 
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trialkyloxazoles (59) are formed. 84 The formation of oxazole probably 


c 2 h„coci 


Na 


C 2 H 5 — C-OCOC 2 H 5 NH,OAc 
C 2 H 5 —C-OCOCj,H 5 AcOH 


(59) 


results via the initial removal of one ester group, followed by the conversion 
of the acyloin ester produced into the oxazole by means of ammonia. 


H. From <*-Hydroxy Ketones and Nitriles 

The reaction between benzoin and nitriles (including hydrogen cyanide) 
in the presence of concentrated sulfuric acid to give moderate yields of 
4,5-diphenyloxazoles (61) was discovered by Japp and Murray 132 in 1893, 
and possibly proceeds via an imino ether (60). 


^co 

Ph / H "'OH 


N iF 

C- R 


Ph 

CO NH 


Ph 


R 


(60) 


(61) 


Further synthetic potential of the reaction was completely unexplored 
for about 70 years until the 1960s, when a number of patents 20 ’ 21 claimed 
the synthesis of the 4,5-diaryloxazoles by condensation of benzoins with 
hydrocyanic acid or with aliphatic nitriles, using sulfuric or polyphosphoric 
acid as the condensing agent. The 2,4,5-triaryloxazoles were prepared 
analogously from benzoins and aromatic nitriles. Typically, 2-(2-chloro- 
phenyl)-4-(4-diethylaminophenyl)-5-phenyloxazole was prepared by con¬ 
densing 4-diethylaminobenzoin and 2-chlorobenzonitrile in concentrated 
sulfuric acid. 21 

Loop and his co-workers 110 ’ 133-136 have extended this reaction not only 
by using simple and mixed aliphatic-aromatic acyloins but also their 

138 F. R. Japp and T. S. Murray, J. Chem. Soc. 63, 469 (1893). 

133 y Wolf and W. Loop, German Patent 1,121,052 (1962); Chem. Abstr. 57, 833 (1962). 

134 V. Wolf and W. Loop, German Patent 1,128,429 (1962); Chem. Abstr. 57, 13758 
(1962). 

133 W. Loop, H.-J. May, and H. Baganz, Chem. Ber. 102, 230 (1969). 

136 W. Loop, H. Baganz, F. W. Kohlmann, and H. Schutze, U.S. Patent 3,562,258 
(1971); Chem. Abstr. 75, 5878 (1971). 
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precursors which would produce acyloins as intermediates during the 
course of the reaction. Furthermore, the nitrile component has been 
replaced by cyanamide; sodium or calcium cyanamide; p-aminobenzene- 
sulfonyl cyanamide and its acetyl derivative, dicyanamide; N 3 -substituted 
cyanoguanidines; iV-cyanoamidine, etc. Some of the typical reactions 
leading to the formation of iV-substituted 2-aminooxazoles are illustrated 
in Scheme 3. 


h 3 c 

h 3 c 


ncnh 2 


h 3 c 


H 3 C-CO Zn + 10% HC1 
H 3 C-CO 


HC=C HgSO, + 10% 
H 3 C-CHOH h 2 so. 



h 3 c-co NCNHR 
h 3 c-choh ^ 


NHR 


1. 10% NaOH 

2. HC1 

H 3 C-CO 

H 3 C-CHC1 


NCNHR 

H+ 

H 3 C-CO 
H 3 C—CHOAc 


(R = />-AcNHC„H,S0 2 ) 


C—NH—C-NHR 


Oxazoles are also obtained by heating acetylenic alcohols, in which the 
acetylenic bond is in the a , /3-position to the hydroxy group, with acid 
amides in the presence of a mercury salt catalyst, 137 or alternatively, by 
heating a-ketol acetates with nitriles in sulfuric acid. 138 In those cases 

137 W. Reppe and A. Magin, French Patent 1,240,996 (1963); Chem. Abstr. 60, 5506 
(1964). 

138 A. Isard, French Demande 2,074,731 (1971); Chem. Abstr. 77, 48443 (1972). 
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where a-hydroxy ketones with two different substituents (62) are involved 
as intermediates, isomeric 4,5-disubstituted oxazoles may be formed. 136 - 137 



(62) 


In a related synthesis, acetylenic carbinols (63) have been claimed to 
condense directly with nitriles in the presence of concentrated sulfuric 
acid to give substituted oxazoles. 139 Intermediates of the type represented 
by 64 have in fact been prepared independently as their hydrochlorides 
and are known to give oxazoles on treatment with sulfuric acid. 140 



I. From «-Hydroxy Ketones and Formamidine 

Bredereck et a!. 10 - 96 have pointed out that whereas the reaction of 
aliphatic acyloins with formamidine affords mainly imidazoles (35-68% 
yield), the benzoins yield predominantly oxazoles (67-90% yield), ir¬ 
respective of the alteration in reaction conditions. a-Hydroxybutyro- 
phenone occupies an intermediate position and gives rise to both the 
oxazole and imidazole derivatives. Unlike formamidine, acetamidine and 
benzamidine react with both acyloins and benzoins, giving imidazoles 
exclusively. The reaction is proposed 10 to occur as in Scheme 4. 

It has been suggested that aryl groups favor structure 65, derived from 
the enediol form of the hydroxy ketones (and hence the formation of 
oxazoles), whereas the alkyl groups favor 66 and consequently yield 
imidazoles. The observation that higher amidines give only imidazoles 

138 Y. Yura, Japanese Patent 29849 (1964); Chem. Abstr. 62, 11818 (1965). 

140 Y. Yura, Japanese Patent 10130 (1964); Chem. Abstr. 61, 12006 (1964). 
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RCOCH(OH)R' 


OH OH 
-CH—R' 

I 

HN^NH 



NHj 

(65) 

l-NH, 


-H s O 
' O 

R^H H^R' 

£ 

N v ^NH, 

H 

(66) 


R R' 


N O 


M 


Scheme 4 

is probably due to the steric hindrance to reaction of enolic oxygen with 
the amidine carbon atom. 10 

Another closely related synthesis of oxazoles is the reaction between 
tris(formylamino)methane and benzoins at 140°. Other keto compounds 
give either a mixture of oxazoles and imidazoles or only oxazoles. 10 ’ 96 


J. From Benzils and Ammonia 

One of the first recognized preparations of an oxazole was that of 2,4,5- 
triphenyloxazole by the action of ammonia on benzil. 141 The reaction is 
very complex and leads to a variety of products (including 2,4,5-tri- 
phenylimidazole) depending on the temperature, time, and solvent. A 
number of mechanisms to explain the mode of formation of these products 
have already been critically discussed in previous reviews. 1 ’ 4 In the latest 
study by Wenkert and Mekler, 142 the reaction between benzil and ammonia 
is interpreted as involving the ionic cleavage of a benzil-ammonia complex 
containing two benzil units. 

The scope of this synthetic method is too narrow, and therefore is only 
of theoretical interest. 

141 N. Zinin, Liebigs Ann. Chem. 34, 186 (1840). 

142 E. Wenkert and A. B. Mekler, J. Amer. Chem. Soc. 78, 2213 (1956). 
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K. From a-HYDROXYiMiNO Ketones and Aldehydes 

The synthesis of oxazoles from a-hydroxyimino ketones was originally 
described by Diels and Riley, 143 and the method was later extended by 
Dilthey and Friedrichsen, 144 and Selwitz and Kosak. 146 The method in¬ 
volved condensation of a-hydroxyimino ketones with aromatic aldehydes 
in the presence of dry hydrogen chloride to form oxazole iV-oxides (67) 
which could easily be reduced with zinc in acetic acid to the free base 
(68). Catalytic reduction (Ni/H 2 ) is also effective for the final stage. 146 

r o' R 

t_ Ar p-^Va, 

xy X o X 

(67) (68) 

Alicyclic oximino ketones are found to react similarly. 1,2,3-Cyclo- 
hexanetrione-1,3-dioxime has thus been transformed into 2-phenyl-7- 
hydroxyimino-4,5,6,7-tetrahy drobenzoxazole-3-oxide. 146 

Hydroxyimino /3-diketones have been shown to react with aromatic 


R—C=NOH 
R'— c=o 



Zn/AcOH 

or 

Ph 3 PO, 


Me CO 



(69) 


143 0. Diels and D. Riley, Ber. 48, 897 (1915). 

144 W. Dilthey and J. Friedrichsen, J. Prakt. Chem. 127, 292 (1930). 

145 C. M. Selwitz and A. I. Kosak, J. Amer. Chem. Soc. 77, 5370 (1955). 

148 K. Bodendorf and H. Towliati, Arch. Pharm. ( Weinheim ) 298, 293 (1965). 
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aldehydes to give, after reduction of the intermediate oxazole iV-oxide 
hydrochlorides, the corresponding 4-acetyloxazoles (69). 147 

Until recently the reaction was restricted to the synthesis of trisub- 
stituted oxazoles only, using substituted benzaldehydes as the aldehyde 
component. Weintraub 148 has now extended the reaction by using not 
only aliphatic aldehydes (including formaldehyde) but also a-ketoal- 
doximes. Thus 4,5- and 2,5-diaryloxazoles have been prepared by this 
method. Heterocyclic aldehydes can also be employed with success. 

o-Quinone monoximes under similar conditions are usually found to 
give fused imidazoles, presumably because the monoximes often dispro¬ 
portionate. The only example available in the literature where fused 
oxazole derivative was obtained by the condensation of an o-quinone 
monoxime with an aldehyde was described by Selwitz and Kosak. 146 
5-Phenyl-2,3-thiophenequinone-2-oxime (70) when refluxed with excess 
of aromatic aldehydes gave the respective substituted thieno[2,3- 
d]oxazoles (71). 



(71) 


It has formally been represented that the monoxime (70) is first reduced 
by the action of aldehyde to the corresponding monoimine (72) (a structural 
type which has been 149 converted into the oxazole nucleus under similar 
conditions), which then reacts with another molecule of aldehyde to give 
the oxazole (71). 

147 A. W. Allan and B. H. Walter, Chem. Ind. (London), 1340 (1965); J. Chem. Soc. C, 
1397 (1968). 

148 P. M. Weintraub, J. Med. Chem. 15, 419 (1972). 

148 C. W. C. Stein and A. R. Day, J. Amer. Chem. Soc. 64, 2567, 2569 (1942). 
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L. From Nitrones of N-Alkylidene /3-Ketoamines 

Recently, Volodarskii and Sevast’yanova 160-163 have synthesized a 
number of N- (aroylalkyl) nitrones (73) (by the condensation of a-halo 
ketones with the sodium salt of anfo'-benzaldoxime or of iV-hydroxy-a-amino 
ketones with aldehydes), 160-162 which undergo intramolecular cyclization 
in acetic anhydride-sulfuric acid to give the corresponding oxazoles 
(74) in excellent yields. 161-163 


ArCOCHRBr 


+ PhCH=N-0" Na 


- Ar-C-CHR—N=CHPh 



(74) 


O" 


(73) 

H + 1 Ac 2 0—HjS0 4 


Ar ^ h^R' 


It has been established that the cyclization of 73 involves the inter¬ 
mediate formation of 3-hydroxy-4-oxazolines, the subsequent dehydration 
of which leads to the oxazoles (74). 


M. From «-Diazo Carbonyl Compounds 

Thermolysis of diazoacetophenone in benzonitrile at 150° gives 2,5- 
diphenyloxazole, probably by the 1,3-dipolar addition of the generated 
ketocarbene (75) to the nitrile. Addition of copper powder or copper 
salts afforded an optimum yield of 17% of the oxazole. 164 

150 L. B. Volodarskii and T. K. Sevast'yanova, Zh. Org. Khim. 7, 1687 (1971); J. Org. 
Chem. USSR 7, 1752 (1971). 

151 L. B. Volodarskii and T. K. Sevast’yanova, Zh. Vses. Khim. Obahchest. 16, 103 (1971); 
Chem. Abatr. 75, 5763 (1971). 

152 T. K. Sevast’yanova and L. B. Volodarskii, Zh. Org. Khim. 7, 1974 (1971); J. Org. 
Chem. USSR 7, 2046 (1971). 

163 L. B. Volodarskii and T. K. Sevast’yanova, Russian Patent 278,699 (1970); Chem. 
Abatr. 74, 87942 (1971). 

154 R. Huisgen, H. Konig, G. Binsch, and H. J. Sturm, Angew. Chem. 73, 368 (1961). 
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+ iso 0 r ° .. ? + ~| 

-n, ——«- |c 6 h„—c-ch-^-*-c 6 h,-c=chJ 



In a similar fashion, the thermal decomposition of diazoacetic ester in 
benzonitrile at 145° gave 2-phenyl-5-ethoxyoxazole (42%). 154 


N. From Acyl, Aryl, or <*-Keto Azides 

The thermal or photolytic decomposition of carbonyl azides in the 
presence of dipole acceptors such as acetylenes provides a valuable method 
for the construction of oxazoles. Thus the reaction of ethyl azidoformate 
with either diphenyl- or diethylacetylene produces mainly the 2-ethoxy- 
oxazole (77). 166 ' 166 The reaction involves the 1,3-dipolar cycloaddition of 
carbethoxy nitrene (76b) to the alkyne to give the oxazole (77). On the 


o 


C a H s O—C — I 



(78«) (76b) 


R-C3SC-R 


COOCjHj 



(78) 


OC s H s 

nA, 

>< 


contrary, the addition of nitrene (76a) to the alkyne would appear to 
give the 2-azirine (78); however, it has not been isolated. 166 


R. Huisgen and H. Blaschke, Tetrahedron Lett., 1409 (1964); Chem. Ber. 98, 2985 
(1965). 

J. Meinwald and D. H. Aue, J. Amer. Chem. Soc. 88, 2849 (1966). 
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The photodecomposition of acetyl azide in phenylacetylene similarly 
affords 2-methyl-5-phenyloxazole. 157 

A simple, though limited, method of synthesizing benzoxazoles, which 
does not necessitate the use of ortho-disubstituted starting materials, was 
discovered by Garner, Mullock, and Suschitzky. 168 They found that 
aromatic azides (79) having an electronegative para substituent decompose 
thermally in a mixture of a carboxylic acid and polyphosphoric acid to 
give benzoxazoles (81) in good yields. The benzoxazoles (81) are believed 
to result via the intermediate formation of A,O-diacyl arylhydroxylamines 
(80) from the initially formed nitrenes, followed by their rearrangement 
into the acylated o-aminophenols and subsequent cyclization. 168 Thus, 



(81) 


p-nitrophenyl and p-carboxyphenyl azide on heating in a mixture of 
acetic and polyphosphoric acids give 6-nitro- and 6-carboxybenzoxazole, 
respectively, in 83% yields. 3,4-Disubstituted aryl azides give a mixture 
of two isomeric benzoxazoles. 158 

Recently, a novel method of oxazole synthesis involving the simul¬ 
taneous reaction of an a-azido carbonyl compound (82), triphenylphos- 
phine, and an acyl halide has been introduced by Zbiral, Bauer, and 
Stroh. 159 


RCOCH 2 N a + Ph a P + R'COX 

(82) 


O 

(83) 


Ph a PO + HX + N 2 


157 R. Huisgen and J.-P. Anselme, Chem. Ber. 98, 2998 (1965). 

156 R. Garner, E. B. Mullock, and H. Suschitzky, J. Chem. Soc. C, 1980 (1966). 
182 E. Zbiral, E. Bauer, and J. Stroh, Monatsh. Chem. 102, 168 (1971). 
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Thus oxazoles (83) substituted in the 2-position by an alkyl, cyclopropyl, 
or pentadienyl group and in the 5-position by a phenyl, substituted phenyl, 
or lower alkoxy groups have been obtained in 22-68% yields, The reaction 
is usually carried out in benzene solution at room temperature or at 70°. 
The initial step in the reaction is considered to be the formation of the 
triazene structure (84) from the a-azidocarbonyl compound (82) and tri- 
phenylphosphine, which by the irreversible loss of nitrogen gives the inter¬ 
mediate ylide (85). Its iV-acylation to 86 is accompanied by the elimina¬ 
tion of Ph 3 PO through a rearrangement to give the imido halogenide 
(87), which readily dehydrohalogenates to yield the oxazole (83). 169 

(82) + PPh 3 -RCOCH 2 —N.-^N-N-PPh, 

(84) 


RCOCHj—N—PPh s 

(85) 

|r'cox 

RCOCHj—N—PP h a 

I x- 

COR' 

(86) 


(83) 


0. From Imino Ethers 

Cornforth et al. 2 have devised a flexible method of synthesizing oxazoles 
(89) from the condensation of an imino ether (88) and ethyl glycinate 
hydrochloride, followed by reaction with an alkyl formate and potassium 
alkoxide, and cyclization of the product in hot acetic acid. The reported 
yields in various stages are fairly good. 

The starting nitrile may be alkyl, aryl, or even hydrogen cyanide, 
which leads to the synthesis of oxazole itself 160 by hydrolysis and de¬ 
carboxylation of the oxazole-4-carboxylate (89, R = H). Various exten- 


J. W. Cornforth and R. H. Cornforth, J. Chem. Soc., 96 (1947). 
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R'QH t ^NH-HCl H,NCH,COOEt-HCl 
HC1 RC ^OR' 


^NCHjCOOEt 

s OR' 


(88) 


COOEt 


AcOH 


I HCOOEt 
KOEt 

COOEt 

N-C' 

RC CHOK 
^OR' 


(89) 


sions of this synthesis are possible. Replacement of glycine ester with 
aminoacetonitrile affords 4-cyanooxazoles, 181 ’ 182 while that of formic 
ester with oxalic ester gives oxazole-4,5-dicarboxylates. 129 


P. From 5-Oxazolones 


Fusion of the sodium or potassium salt of 4-(a-hydroxyalkylidene)-2- 
oxazoline-5-ones (90) leads, by rearrangement, to oxazole-4-carboxylic 
acids (91) which can easily be decarboxylated to the corresponding 
oxazoles. 2 ’ 4 This rearrangement occurs also in alkali, and a 14 C tracer 


R' 



(90) (91) 


study has substantiated a mechanism involving ring-opening followed by 
the alternative ring closure. 183 The heterocyclic ring in 90 is cleaved by 
alcoholic hydrogen chloride to form alkyl a-acylaminoacylacetates, which 
are cyclized to give oxazole-4-carboxylates (92). 38 

SO Cl, 

. , R*OH or 

(90) -——►- R*OOC—CH—NHCOR -■ - /A 

H 4 I H,S0 4 / Ac, 

COR' 

(92) 


R"OOC 



1,1 T. P. Sycheva, T. Kh. Trupp, and M. N. Shchukina, Zh. Obahch. Khim. 32, 1071 
(1962); J. Gen. Chem. USSR 32, 1051 (1962). 

182 T. P. Sycheva, T. N. Pavlova, and M. N. Shchukina, Khim. Geterotsikl. Soedin., 
7 (1972); Chem. Abstr. 76, 153652 (1972). 
m C. G. Stuckwisch and D. D. Powers, J. Org. Chem. 25, 1819 (1960). 
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Hoefle and Steglich 164 have recently found that thermolysis of 2,4- 
disubstituted 4-acyl-2-oxazoline-5-ones and 2,4-disubstituted 2-acyl-3- 
oxazolin-5-ones gives 2,4,5-trisubstituted oxazoles (93 and 94, respec¬ 
tively), with elimination of carbon dioxide. In the latter case, the 
substituents at C-2 and C-4 were interchanged. 



(94) 


Q. From Other Heterocycles 

Numerous thermochemical and photochemical transformations are 
known to produce oxazoles, although the vast majority of them are not of 
any synthetic importance. Pyrolysis of a number of iV-substituted 2-phenyl- 
3-aroylaziridines (95) gives the corresponding 2-phenyl-5-aryloxazole 
(97), with loss of the nitrogen substituent. 166 The formation of the oxazole 



(97) 


1M G. Hoefle and W. Steglich, Chem. Ber. 104, 1408 (1971). 

1,5 A. Padwa and W. Eisenhardt, Chem. Commun., 380 (1968). 
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apparently proceeds through carbon-carbon bond scission to give 
stabilized 1,3-dipole intermediate (96). Subsequent ring closure to a tran¬ 
sient 2,3-dihydrooxazole followed by thermal elimination readily accounts 
for the observed product (97). 

Foucaud and Baudru 166 have reported the preparation of several 5-amino- 
and 5-alkoxyoxazoles by the thermolysis of A-imidoaziridines (98). The 
latter are readily obtained by the oxidation of iV-aminophthalimides 
(A—NH 2 ) and N-aminosuccinimides (M—NH 2 and Q—NH 2 ) with 
lead tetracetate in the presence of the gewi-disubstituted olefins with two 
electron-attracting groups (with at least one of them of the type -COZ), 
e-g., 


The iV-imidoaziridines are relatively unstable substances and isomerize, 
either spontaneously at room temperature or on boiling in an organic 
solvent, to give the corresponding oxazoles (99). 



A M Q 

X = A,M, or Q 
Ar = C e H„ or *>-CIC fl H< 


Ultraviolet irradiation in pentane of cis- and trans-N-tert- butyl-2- 
phenyl-3-benzoylaziridine (95, Ar = Ph, R = t— Bu) affords 2,5- 
diphenyloxazole in 51% and 38% yields, respectively, besides several 
other products, as shown in Eq. (8). 167 The course of the overall photo- 

1,6 A. Foucaud and M. Baudru, C. R. Acad. Sci., Ser. C. 271, 1613 (1970). 

167 A. Padwa and W. Eisenhardt, J. Amer. Chem. Soc. 90 , 2442 (1968); 93 , 1400 (1971). 
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reaction is substantially altered in the two cases. The formation of 
diphenyloxazole by the photolysis of <rans-aziridine has been rationalized 
as in the above thermolytic reaction (95 —> 97). 



Further, Padwa and Battisti 168 reported that 2,5-diphenyloxazole is 
also obtained in high yield (80%) by the irradiation of the invertomers 
(100 and 101) of iV-chloro-<rans-2-benzoyl-3-phenylaziridine (prepared by 
the treatment of irans-2-benzoyl-3-phenylaziridine with (erf-butyl hypo¬ 
chlorite). 168 






Japanese workers 169 have found that 2-phenyl-l-azirine (102) reacts 
with acid chlorides and acyclic acid anhydrides in the presence of tri- 
ethylamine to give, in moderate yields, the corresponding 2-substituted 
5-phenyloxazoles. The formation of oxazoles by the reaction of 2-phenyl- 
azirine and acid chlorides has been suggested to proceed through the 
initial formation of intermediate 103, involving the attack of an acyl 
cation on the nitrogen atom of azirine, followed by ring enlargement bv 
cleavage of the C—N linkage. 



(102) (103) 


Intermediates of type 103 are in fact known to be involved in the reaction 
of 3-methyl-2-phenyl-l-azirine with benzoyl chloride. 170 In acetone at 


168 A. Padwa and A. Battisti, J. Org. Chem. 36 , 230 (1971). 

108 S. Sato, H. Kato, and M. Ohta, Bull. Chem. Soc. Jap. 40 , 1014, 2938 (1967). 
no p \y Fowler and A. Hassner, J. Amer. Chem. Soc. 90 , 2875 (1968). 
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5° they give a mixture of ring-expanded oxazole (104) and ring-opened 
dichloro amide (105). The reaction in refluxing benzene, however, makes 
it possible to isolate the intermediate iV-benzoyl-2-chloroaziridines (106a 



COPh COPh 

(106a) (106b) 


and 106b). These aziridines are unstable and are readily solvolyzed in 
polar solvents giving the oxazole (104) and a smaller amount of dichloro- 
amide (105). 2,3-Diphenyl-l-azirine behaves similarly and affords tri- 
phenyloxazole on reaction with benzoyl chloride. 170 

A somewhat related rearrangement was described by Zaugg and 
DeNet. 171 l-Benzoyl-2,2-dichloro-3-phenylaziridine rearranges thermally 
to give 4-chloro-2,5-diphenyloxazole in 81% yield. The exact mechanism 
of the reaction is not known but is believed to proceed through the 
intermediate 107. 171 



c° p h (107) 


111 H. E. Zaugg and R. W. DeNet, J. Org. Chem. 36, 1937 (1971). 
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Swiss chemists 172 have recently shown that the photochemical cycloaddi¬ 
tion of 2,3-diphenyl-1-azirine (108) to phenyl isocyanate in benzene 
solution gives 2,4-diphenyl-5-phenylaminooxazole in 45% yield. 


Ph 

(108) 

Several interesting and obviously related rearrangements have been 
reported for isoxazoles, which by the photochemical transposition of ring 
atoms change to the corresponding oxazoles. Ullman and Singh, 173 ' 174 
while studying the photorearrangement of 3,5-diphenylisoxazole to 
2,5-diphenyloxazole, observed the formation of 2-pheny 1-3-benzoyl-1- 
azirine (109) as a true intermediate and noted that the azirine (109) 
was dramatically sensitive to different wavelengths of light. Irradiation 
of 109 in ether at 2537 A resulted in an up to 84% conversion to 2,5- 
diphenyloxazole, whereas irradiation with wavelengths greater than 3000 
A reverted it to the isoxazole. An exactly similar trend was observed 
in the photochemical rearrangement of 3-p-anisyl-5-phenylisoxazole to 
2-p-anisyl-5-phenyloxazole through 2-p-anisyl-3-benzoyl-l-azirine as the 
intermediate. 174 


Ph— n=c=o 


Ph- 


Ph 


2537 a, 

\ / N --A ph ‘ 

O > 3000 A 


Ph 



s O 


2537 A 


Ph- 


/ \ 


-Ph 


(109) 


Kurtz and Shechter 176 have found that the irradiation of 3,4,5-tri- 
phenylisoxazole in ether or benzene gives iV-phenyl-benzoylphenyl- 
ketenimine (110, 40%), 3-benzoyl-2,3-diphenyl-1-azirine (111), and 
2,4,5-triphenyloxazole (~40%). 


172 B. Jackson, N. Gakis, M. Marky, H. J. Hansen, W. v. Philipsborn, and H. Schmid, 
Helv. Chim. Acta 55, 916 (1972). 

173 E. F. Ullman and B. Singh, J. Amer. Chem. Soc. 88, 1844 (1966). 

174 B. Singh and E. F. Ullman, J. Amer. Chem. Soc. 89, 6911 (1967). 

176 D. W. Kurtz and H. Shechter, Chem. Commun., 689 (1966). 
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Ph 


Ph. 


Ph, 

''C' 

O 


X=C=N—Ph 


Ph 


(110) 


Ph 

Ph-)“Vph 

(2537 A) \q/ 

(111) 

The photoisomerizations of this type appear to be quite general, but 
the yield of the oxazoles varies considerably. Thus ultraviolet irradiation 
of 3,5-dimethylisoxazole in methanol gives an 80% yield of 2,5-dimethyl- 
oxazole. 176 1,2-Benzisoxazoles (112) similarly rearrange to benzoxazoles 
together with some substituted o-hydroxybenzonitriles as by-products. 176 

*«»“ ’ *€X> + r 'CX oh 

17-48% 7-29% 


Goeth et al. 117 prepared a number of 2(3//)-oxazolones by the photolysis 
of the corresponding 3-hydroxyisoxazoles and proposed the rearrangement, 
as shown in Eq. (9), to occur through azirine derivatives as intermediates. 

Jones and Good 178 observed that the photochemical conversion of 
3-isoxazolecarboxylates into 2-oxazolecarboxylates could be achieved in 

176 H. Goeth and H. Schmid, Chimia 20, 148 (1966); Chem. Abstr. 65, 3854 (1966). 

177 H. Goeth, A. R. Gagneux, C. H. Eugster and H. Schmid, Helv. Chim. Acta 50, 137 
(1967). 

176 G. Jones and R. H. Good, J. Chem. Soc. C, 1196 (1971). 



R = H or Me 

( 112 ) 
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only 5-8% yields. The poor yield of the oxazole is probably due to insta¬ 
bility of the intermediate azirine aldehyde (113). 



(113) 


5-Amino-4-ethoxycarbonyl-3-phenylisoxazole (114) similarly photo- 
isomerizes in the presence of triphenylene to give 5-amino-4-ethoxy- 
carbonyl-2-phenyloxazole. 179 


EtOOC Ph 


h 2 n 


hv 


(114) 


EtOOC Ph 

h 2 nco n 


EtOOC 



An interesting synthesis of methyl 2,4-diphenyloxazole-5-carboxylate 
has been reported by Arnold and Chang. 180 When l-carbomethoxy-4- 
phenyl-2,2,3,3-tetramethyl-5-oxabicyclo[2.1.0]pentane (115) was heated 
to 120° in the presence of benzonitrile, a good yield of the oxazole was 
obtained, together with tetramethylethylene. The colored carbonyl ylide 
(116), formed upon heating, adds a molecule of benzonitrile, presumably 
to form the adduct 117 which via a retro-Diels-Alder reaction gives the 
products. 


178 H. Wamhoff, Chem. Ber. 105, 748 (1972). 

1,0 D. R. Arnold and Y. C. Chang, J. Heterocycl. Chem. 8, 1097 (1971). 
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Treatment of 1,2,3-triazole-4,5-dicarboxylic acid (118) with acetic 
anhydride leads to 2-methyloxazole-4-carboxylic acid. 181 The mechanism 
of the reaction is not yet clear, but it may be related to the thermal de¬ 
composition of l-benzoyl-4,5-diphenyl-l,2,3-triazole, which on heating 
above 250° gives 2,4,5-triphenyloxazole (29%), presumably through the 
acyliminocarbene intermediate 119. 182 



(119) 


1.1 D. J. Anderson, T. L. Gilchrist, and C. W. Rees, Chem. Commun., 147 (1969). 

1.2 R. Huisgen, Angew. Chem. 72, 359 (1960). 
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R. Miscellaneous Methods 

Demchenko and Grekov 183 found that 5-monoaryl oxazoles (120) 
could readily be obtained by heating the hydrochlorides of aminomethyl 
aryl ketones with an excess of ethyl orthoformate. 

ArCCH,NH,' HCI + HC(OC,H 5 ) s reflU *» - ArCCH a N=CH 
O O OC 2 H b 


»~Q — [“"X,] 

(120) 

2-Unsubstituted oxazoles (125) can be obtained conveniently by treating 
a-metalated alkyl isocyanides (122) [prepared from isocyanides (121) 
and, for example, potassium terf-butoxide or butyl lithium] with acylating 
agents (123). Intermediates in this synthesis are presumably the 2-oxoalkyl 
isocyanides (124) which, in situ or during the working up, cyclize by way 
of their enolic forms. Acylating agents employed included acyl chlorides, 
carboxylic esters, and N,N-disubstituted amides; they lead to 4,5-di- 
or 5-monosubstituted oxazoles in fairly good yields in a single operation. 184 


NC 

R-C- 

H 


O 

. nc *■ r 't' c 7 x 

M + : base" I _ + (123) 

---►- R-C: M + --- 

-H + jl 2. H + 


( 121 ) 


(122) 


NC O 

:-c-c-R' 

H 

(124) 


N 




NC OH ' 
R—C=C—R' 


(125) 

Treatment of /3-aminocrotonic esters, or the enamines of /3-diketones, 


1.3 N. P. Demchenko and A. P. Grekov, Zb.. Obshch. Khim. 32, 1219 (1962); J. Gen. Chern. 
USSR 32, 1192 (1962). 

1.4 U. Schollkopf and R. Schroder, Angew Chem. Ini. Ed. Engl. 10, 333 (1971). 
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with dibenzoyl peroxide in benzene gives the corresponding a-benzoyloxy 
enamines which, in a few cases, have been isolated as crystalline products. 
These, when treated with boiling acetic acid, cyclize to the corresponding 
5-carbethoxy- or 5-acetyloxazoles, respectively. 123 Thus, 4-amino-3- 
benzoyloxy-3-pentene-2-one was transformed into 2-phenyl-4-methyl-5- 
acetyloxazole (84%) [Eq. (10)]. 


CH a COOH 

-h 2 o 



( 10 ) 


Acylation of /3,/3-dichloro-a-aminoacrylonitrile (126, an enamine, 
obtained by the base-catalyzed addition of hydrogen cyanide to dichloro- 
acetonitrile) followed by treatment with amines (primary or secondary) 
or hydrazines provides a new method of synthesis of 4-cyano-5-(N- 
substituted amino)-oxazoles (127) in almost quantitative yields. 186 


ci 2 chcn 


MeCN (solvent) 
NaCN (catalyst) 


;NH 

'CN 


CL NHCOCH. Ac 2 0—AcOH CL ^NH, 

/ C =C^ -«- /C=C^ 3 

Cl^ S CN Cl CN 


(126) 


NC 



(127) 


Ferrini and Marxer 186 observed that the condensation of equimolar 
amounts of acid amides and vinylene carbonate (128) in the presence of 
polyphosphoric acid leads to 2-monosubstituted oxazoles, but generally 

185 K. K. Matsumura, T. Saraie, and N. Hashimoto, J. Chem. Soc. D, 705 (1972). 

1,6 P. G. Ferrini and A. Marxer, Angew. Chem. 75, 165 (1963); Angew. Chem. Ini. Ed. 
Engl. 2, 99 (1963). 
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in poor yields. The formation of the oxazole derivatives has been proposed 
to occur through the intermediate acylaminoacetaldehyde which is cyclized 
by PPA. 



Boiling 2,3-dichlorotetrahydrofuran 187 ’ 188 with urea in water gives a 
low yield of 2-aminooxazole-5-ethanol [Eq. (11)]. 


ci 



The cyclization of 3-benzamido-l-butyne (129) in cold sulfuric acid 
gives 2-phenyl-4,5-dimethyloxazole. 189 



(129) 

Huisgen and his co-workers 190 have recently reported that the addition 
of aromatic nitrile ylides to carbonyl compounds results in the formation 
of A 3 -oxazolines, which are easily oxidizable to oxazoles. Typically, 
benzonitrile 4-nitrobenzylide (131, Ar = p-0 2 NC 6 H 4 ), generated from 
the imidoyl chloride (130) by 1,3-elimination of hydrogen chloride with 
triethylamine, reacts smoothly with benzaldehyde to give a pair of 

1,7 W. Reppe, Liebigs Ann. Chem. 596, 80 (1955). 

1,6 F. Ebel, H. Pasedach, and M. Seefelder, German Patent 936,986 (1955); Chem. 
Abstr. 52, 20197 (1958). 

1,9 Y. Yura, Japanese Patent 10,129 (1964); Chem. Abstr. 61, 12006 (1964). 

180 K. Bunge, R. Huisgen, R. Raab, and H. Stangl, Chem. Ber. 105, 1279 (1972). 
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stereoisomers of 4,5-diphenyl-2-p-nitrophenyl-3-oxazoline (132), which on 
oxidation with chloranil yield the corresponding oxazole (133). 


N— CH 2 C 8 H,N0 2 - p 


Cl 

(130) 


+ '/H 

Ph-C=N-C. 

\ " Ar + 

I + HNEt 3 

Ph-C=N=C^ H Cl' 

^Ar 

(131) 

| +PhCHO 


O 

(133) 


chloranil 

oxidation 


^-OjNCeH, 



The formation of two isomeric oxazole derivatives (133 and 134) 
from the nitrile ylide (131) and benzoyl chloride is explained by cyclo¬ 
addition via chlorodihydrooxazoles or by 1,5-dipolar cyclization of 
benzoylated nitrile ylides. 



(134) 


Several patents 191-193 refer to the formation of very small amounts of 

181 C. J. Brown, British Patent 1,130,846 (1968); Chem. Abstr. 70, 28909 (1969). 

182 R. Allirot, R. Jobert, and C. Darcas, German Offen. 1,957,926 (1970); Chem. Abstr. 
73, 66070 (1970). 

1,3 Ugine Kuhimann, British Patent 1,223,790 (1971); Chem. Abstr. 74, 126387 (1971). 
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oxazole as a by-product in the manufacture of acrylonitrile. Treating 
propylene at elevated temperatures in the vapor phase with air and 
ammonia over an oxidation catalyst gives acrylonitrile (76%) and 0.02% 
oxazole [Eq. (12)]. 191 Recovery of oxazole may be achieved by passage 


men temp. 

CH S — CH=CH, + O, + NH« -;-*- H 2 C = CH-CN + CH.CN 

3 ca t a iyst 3 

( 12 ) 

/C—N 

+ HCN +• • ■ + / \ 

o' 

of the mixture through a column of activated adsorbent 191-193 such as 
Clarsil PC-1 or alumina, or through a cation-exchange resin. 194 Oxazole 
may also be separated by precipitation as metal complexes 196 ’ 196 with 
metal salts such as HgCl 2 , CdCl 2 , CdBr 2 , CuCl 2 , ZnCl 2 , CoCl 2 , NiCl 2 , or 
Zn(N0 3 ) 2 which are decomposed by distillation from aqueous suspensions. 


S. 5-Aminooxazoles 

During work on the chemistry of penicillin a variety of methods 
were developed for the synthesis of 5-aminooxazoles. It has been found 
that cycloisomerization of acylaminocyanoacetic esters (135) by treatment 
with hydrogen chloride (in alcohol, ether or acetone), phosphorus pent- 
oxide, or pentachloride leads to 5-aminoo’xazole-4-carboxylic esters 
(136), 2 ' 61 which have also been obtained by dehydration of acylamino- 
malonamic esters (137) with phosphorus oxychloride. 2 

EtOOC 

EtOOC-CH-NH ff EtOOC-CH—NH 

I I -»- H,N—< y —R -*- I I 

N=C OC-R HjN—CO OC-R 

(135) (136) (137) 

On the other hand, a-acylaminomalondiamides and phosphorus oxy¬ 
chloride afford 5-amino-4-cyanooxazoles (138), 2 which can also be prepared 
directly by the reaction of aminomalononitrile with acid anhydrides at 

*»C. Darcas and C. Tcherkawsky, U.S. Patent 3,574,687 (1971); Chem. Abslr. 75, 
35997 (1971). 

1,5 It. H. Hall and D. F. Francis, French Patent 1,539,255 (1968); Chem. Abslr. 71, 
124406 (1969). 

l “ R. L. Maute, U.S. Patent 3,686,263 (1972); Chem. Abstr. 77, 140727 (1972). 
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room temperature. 197 ’ 198 The latter reaction most probably occurs through 
acylaminomalononitriles (139). Treatment of aminomalononitrile with 


NC 

H 2 NOC —CH—NH POCl 3 _y~ ] V- _ FnC-CH-NH 1 

H 2 N-CO OC-R HsN \ 0 /“ R I NC OC—R I 


(138) 


(139) 



H 2 NCH(CN) 2 


a mixture of acetic anhydride and formic acid results in the formation 
of 4-cyano-5-aminooxazole (138, R = H) which condenses with formami- 
dine acetate to give 7-aminooxazolo[5,4-d]pyrimidine (140), an adenine 
analog. 198 

Cyclization of 2-acylamino-2-cyanoacetamides (141) under the in¬ 
fluence of hydrogen chloride in tetrahydrofuran gives 5-aminooxazole-4- 
carboxamides (142, R and R' = H and/or Me). 199 Heating 141 with 
acetic anhydride in the presence of perchloric acid or with a mixture of 


R'HNOC—CH—NH HCI-THF 

NC OC-R 

(141) 

formic acid and acetic anhydride in the presence of hydrochloric acid leads 
to 5-acetamido- and/or 5-formamidooxazole-4-carboxamides. 200 

A number of 2-aryl-5-aminooxazoles (144) with methyl or phenyl 
substituents at position 4 have been synthesized by Fleury et al. 201 ’ 202 
by the acid-catalyzed cyclization of a-aroylaminoacetonitriles (143) in 

1,7 J. P. Ferris and L. E. Orgel, J. Amer. Chem. Soc. 87, 4976 (1965). 
l>> J. P. Ferris and L. E. Orgel, J. Amer. Chem. Soc. 88, 3829 (1966). 

111 M. Sekiya and J. Suzuki, Chem. Pharm. Bull. 18, 2242 (1970). 

2,0 M. Sekiya, J. Suzuki, and Y. Kakiya, Chem. Pharm. Bull. 18, 1233 (1970). 

201 G. Kille and J.-P. Fleury, Bull. Soc. Chim. Fr., 4619 (1967). 

202 J.-P. Fleury, A. Baysang, and D. Clerin, Bull. Soc. Chim. Fr., 4108 (1969). 


R'HNOC 



(142) 
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the presence of hydrochloric, trifluoroacetic, or chlorosulfonic acid. When 
the substituent at position 4 in 144 is hydrogen, only oxazoles are isolated, 



(143) (144) 


as their salts or 5-trifluoroacetamido derivatives. 203 N-Substituted a- 
acylaminonitriles (145) are cyclized similarly in the presence of strong 
acids to form the corresponding 5-iminooxazoline salts (146) or 5-amino- 
oxazole salts (147), depending on the nature of the substituents. 204 



(145) (146) (147) 


Condensation of a-phenyl-a-acylaminoacetonitriles with aromatic or 
aliphatic aldehydes by heating at 140° in the presence of zinc chloride, 
or by treatment in alcohol or chloroform with dry hydrogen chloride, 
produces Schiff bases of 2-aryl (or alkyl )-4-phenyl-5-aminooxazoles. 206 
The reaction of benzaldehyde with benzene sulfonamide and potassium 
cyanide (molar ratio 1.0:0.33 :~0.2-0.25) at 135° gives a 9-22% yield 
of 2,4-diphenyl-5-(benzylideneamino)oxazole and has been proposed 
to proceed through a-benzoylaminophenylacetonitrile. 206 

Hirobe, Sato, and Okamoto 207 have found that iminonitriles (148) react 
with an appropriate aromatic aldehyde in chloroform to form 2,4-diaryl- 
5-aminooxazoles (149) and/or the corresponding 5-arylidene derivatives in 
good yields. 

Another synthesis leading to the formation of derivatives of 5-amino- 
oxazoles has been described by Ketcham and his co-workers. 208 ' 209 Con- 

203 J.-P. Fleury and A. Baysang, Bull. Soc. Chim. Fr., 4102 (1969). 

204 P. Roesler and J.-P. Fleury, Bull. Soc. Chim. Fr., 4624 (1967). 

208 J. Lichtenberger and J.-P. Fleury, Bull. Soc. Chim. Fr., 1184 (1956). 

206 J. Lichtenberger and J.-P. Fleury, Bull. Soc. Chim. Fr., 1320 (1955). 

207 M. Hirobe, R. Sato, and T. Okamoto, Yakugaku Zasshi 91, 834 (1971). 

208 A. R. Martin and R. Ketcham, J. Org. Chem. 31, 3612 (1966); A. R. Martin, Diss. 
Abstr. 26, 5734 (1966). 

208 R. Ketcham, V. P. Shah, and G. Lam, J. Med. Chem. 14, 456 (1971). 
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densation of &,£'-dialkyl or »S, S'-diaryl dithiooxaldiimidates with aromatic 
aldehydes yields 5-amino-4-alkyl (or aryl)mercapto-2-aryloxazoles (150) or 
the corresponding Schiff bases. 208-210 The Schiff base 5-benzylideneamino- 


RS 



4-benzylmercapto-2-phenyloxazole, for example, has been reduced with 
sodium borohydride to the corresponding 5-benzylaminooxazole. 210 


III. Physicochemical Properties 

A. Crystal Structure 

No crystal structure has been reported for oxazole itself, which is a 
liquid at ordinary temperatures, and the simple solid derivatives of oxazole 
have failed to draw sufficient attention for crystallographic studies. 

210 S. C. Mutha, Ph.D. Thesis, University of California, San Francisco (1968); Diss. 
Abstr. B 31, 138 (1970). 
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Fig. 1. The geometry of POPOP. [Reproduced with permission from I. Ambats and 
R. E. Marsh, Acta Cryst. 19, 942 (1965).] 


Scatturin et however, have carried out an investigation of the 

crystal structure of a number of 2,4-disubstituted 5-p-nitrophenyloxazoles. 
2-Methyl-4-chloromethyl-5-p-nitrophenyloxazole 211 ’ 212 has space group 
CV = P2i/c and a quasi-planar configuration; the angle between the 
phenyl and oxazole ring is 11°, but the chlorine atom protrudes from the 
mean molecular plane. Notwithstanding this, 2-methyl-4-bromomethyl- 
5-p-nitrophenyloxazole 213 belongs to the space group Fddd. X-ray investiga¬ 
tion 213 of 2,4-dimethyl-5-p-nitrophenyloxazole (space group P2i) and 
2-chloromethyl-4-methyl-5-p-nitrophenyloxazole (space group P2 x /m) 
reveals identical molecular packing for both compounds along the c 
axis and this is attributed to van der Waals interaction. 214 

Recently the crystal structure of the organic scintillator POPOP [2,2'- 
p-phenylenebis (5-phenyl )oxazole] has been determined by x-ray diffrac¬ 
tion. 216 The crystals are monoclinic, space group P2 x /c. The three benzene 
and two oxazole rings are each planar, but they are twisted slightly with 
respect to one another to form a propeller-shaped molecule. The dihedral 
angle between the planes of the center phenyl and the oxazole ring is 
3.75° and that between the oxazole ring and terminal phenyl group is 
6.45°. The bond distances (Fig. 1) indicate appreciable conjugation be¬ 
tween the rings and localization of charges within the oxazole rings. 216 

211 V. Scatturin and R. Zannetti, Ric. Sci. 26, 523 (1956); Chem. Abstr. 50, 16256 (1956). 

212 V. Albano, P. L. Bellon, F. Pompa, and V. Scatturin, Ric. Sci., Parte 2: Sez. A 3, 
1143 (1963); Chem. Abstr. 61, 1342 (1964). 

213 V. Scatturin and R. Zannetti, Ann. Chim. (Rome) 49, 68 (1959); Chem. Abstr. 53, 
13724 (1959). 

214 F. Pompa, V. Albano, P. L. Bellon, and V. Scatturin, Ric. Sci., Parte 2: Sez. A 8, 
1150 (1965); Chem. Abstr. 64, 18555 (1966). 

215 1. Ambats and R. E. Marsh, Acta Crystallogr. 19, 942 (1965). 
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B. Quantum Mechanical Calculations 

During the last two decades numerous papers have been published 
dealing with molecular orbital calculations on oxazole and its derivatives, 
but due to the lack of relevant experimental data, a direct comparison 
between the theoretical and experimental results is difficult to make. In 
1951, Orgel and his co-workers 2lG were the first to calculate, within the 
framework of molecular orbital theory, the ir-electron densities in the 
oxazole molecule, and C-2 was estimated to have the highest electron 
density. Since the MO theory was then in its early stages of development, 
the results are of qualitative importance only. More than a decade later 
Orloff and Fitts 217 calculated the ir-electronic charge densities of oxazole 
by the semiempirical self-consistent field method (SCF-MO) using furan 
and imidazole type parameters for computation. In this and a subsequent 
publication 218 C-5 was suggested to have the largest electron density and 
it was predicted that electrophilic substitution for oxazole, reacting only 
as the neutral molecule, should occur at this position. Thus, these calcula¬ 
tions supported the views of Katritzky and Lagowski, 219 while opposed 
to the speculations of Bassett, Brown, and Penfold, 220 and of Orgel et al . n6 
A more or less similar trend of ir-electron density at various positions 


TABLE I 

Calculated t-Electron Densities of Oxazole 


0-1 C-2 N-3 C-4 C-5 Method References 


1.439 

1.368 


1.842 

1.679 

1.660 

1.755 


1.155 

1.186 


0.982 

0.944 

0.956 

0.973 


1.169 

1.185 


1.124 

1.277 

1.288 

1.166 


1.031 

1.020 


0.951 

0.994 

1.005 

1.029 


1.205 SCF-MO 217 

1.241 SCF- 218 

LCAO- 
MO 

1.101 HMO 221 

1.106 SCF-CI 222 

1.091 SCF-CI 222 

1.077 CNDO-CI 222a 


216 L. E. Orgel, T. L. Cottrell, W. Dick, and L. E. Sutton, Trans. Faraday Soc. 47, 
113 (1951). 

211 M. K. Orloff and D. D. Fitts, Tetrahedron 19, 1691 (1963). 

218 R. A. Sallavanti and D. D. Fitts, Ini. J. Quantum Chem. 3, 33 (1969). 

218 A. R. Katritzky and J. M. Lagowski, “Heterocyclic Chemistry,” p. 221. Wiley, 
New York, 1960. 

220 1. M. Bassett, R. D. Brown, and A. Penfold, Chem. Ind. (London), 892 (1956). 
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was indicated by the calculations of Zurawski 221 and Kamiya 222 performed 
by the Hiickel molecular orbital (HMO) method, and by the Pariser- 
Parr-Pople SCF method combined with configuration interaction, re¬ 
spectively. These results are summarized in Table I. Contradictory values 
of ir-electron densities at C-4 and C-2 were obtained. 

The energy calculated 217 ’ 218 222 by the SCF methods for the first ir —> ir* 
spectral transition of oxazole agrees well with the experimental value 102 
of 6.05 eV. The first ionization potential of oxazole is calculated 217 ’ 218 ’ 222 
to be 9.2 eV. 

Extended Hiickel theory (EHT) calculations on oxazole suggest a 
significant polarization of the a framework. 223 This a polarization appears 
to follow simple electronegativity considerations. The calculated ir polariza¬ 
tions are independent of, and may be opposed to, the corresponding 
a polarizations. A good correlation is observed between the total (<r + ir) 
calculated electron densities 223 and the experimental proton chemical 
shifts (see Section III,G). 

Molecular geometries (bond lengths and bond angles) of oxazole have 
been estimated by various workers. 218 ' 224-226 The results are summarized 
in Table II. Calculations of bond angles by O’Sullivan et ai. 226 indicate 
that bond angle variations are not due to bond distortion in the molecule; 
rather they seem consistent with other theoretical considerations. An 
angle of 104° for oxygen and nitrogen reflects the effect of the lone pair 
of electrons on the sp 2 orbital, while the carbon angles seem consistent 
with those found in similar molecules. An improved LCAO method gave 
similar bond angles for oxazole 226 (see Table II). 

Wave-mechanical calculations taking all electrons into account have 
also been performed on the oxazole molecule. 227 ’ 228 The SCF-MO-LCGO 
method (using floating Gaussian functions as a linear combination, so 
that p-, d-, and/-orbitals are also represented) has been used by Preuss 
and Janoschek 227 to calculate the total energy and ionization energy of 

221 B. Zurawski, Bull. Acad. Polon. Sci., Ser. Sci. Chim. 14, 481 (1966). 

222 M. Kamiya, Bull. Chem. Soc. Jap. 43, 3344 (1970). 

222,1 Y. Ferr6, R. Faure, and E. J. Vincent, J. Chim. Phys. Physicochim. Biol. 69, 860 
(1972). 

223 W. Adam and A. Grimison, Theor. Chim. Acta 7, 342 (1967). 

223 R. D. Brown, B. A. W. Coller, and J. E. Kent, Theor. Chim. Acla 10, 435 (1968). 

226 P. S. O’Sullivan, J. De la Vega, and H. F. Hameka, Chem. Phys. Lett. 5, 576 (1970). 
236 M. Roche, F. D’Amato, and M. Benard, J. Mol. Struct. 9, 183 (1971). 

227 H. Preuss and R. Janoschek, J. Mol. Struct. 3, 423 (1969). 

226 G. Berthier, L. Praud, and J. Serre, in “Quantum Aspects of Heterocyclic Compounds 
in Chemistry and Biochemistry,” Proc. 2nd Int. Symp., 1969, (E. D. Bergmann and 
B. Pullmann, eds.), p. 40. Israel Acad., Jerusalem, 1970. 



TABLE II 


Calculated Geometries of the Oxazole Molecule 



Bond lengths (A) 



Bond angles (degrees) 



ns 

r* 



7*51 

Z 512 

■^123 

Z 23< 

Z 3<5 


References 

1.39 

1.46 

1.40 

1.41 

_ 

_ 

_ 

_ 

_ 

_ 

218 

1.36 

1.30 

1.37 

1.36 

1.36 

102.4 

115.0 

104.8 

107.9 

109.9 

224 

1.36 

1.33 

1.39 

1.35 

1.36 

104 

114 

104 

109 

109 

225 

1.35 

1.31 

1.39 

1.35 

1.36 

104 

116 

101 

111 

107 

226 
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TABLE III 

Calculated Dipole Moments op Oxazole 0 


(D) 

(D) 

MTotal 

(D) 

Method 

References 

0.8 

3.4 

1.7 

MO 

216 

1.36 

2.09 

1.80 

MO-PPP 

231 

— 

— 

1.37 

HMO 

221 

— 

— 

2.01 

VE-SCF 

230 

— 

— 

1.89 

VE-SCF 

224 

— 

— 

1.64 

VE-SCF 

224 

1.13 

1.35 

1.58 

Improved LCAO 

226 

1.17 

1.33 

1.69 

Improved LCAO 

226 

— 

— 

1.38 

CNDO/2 

232 

1.90 

2.43 

1.47 

All-electron 

228 


“Experimental value: (1) 1.4 D (from dielectric measurements). 216 (2) 1.50 ± 0.1 D 
(from Stark-effect measurements of its microwave spectrum). 233 


proton affinity. The values are —240.7 a. u. and 2.7 eV, respectively. 
Recently, the electrostatic molecular potentials arising from ab initio 
MO-LCAO-GTO (Gaussian-type orbital )-SCF wave functions for 
oxazole and some related heterocycles have been used to elucidate differ¬ 
ences in reactivity of some sites towards electrophilic reagents. 229 The 
results are in general accordance with experiment. 

Several attempts have been made to compute the atomic charge dis¬ 
tributions (both ir-charges and total charges) and electric dipole 
moment 216 ' 221 ’ 224 ’ 226 ' 228 ’ 230-232 of oxazole, and thus to check the accuracies 
of the various MO procedures (see Table III). It is apparent from Table 
III that all-valence-electron calculations 228 ' 232 including the atomic polariza¬ 
tion terms yield dipole moments very close to the experimental value. 218 ’ 233 

Nitrogen-14 nuclear quadrupole coupling constants in oxazole have 
been calculated by using the complete neglect of differential overlap 
method (CNDO/2) including all the valence electrons, 232 and from ab 
initio molecular-orbital wave functions using Gaussian basis sets. 234 

233 G. Berthier, R. Bonaccorsi, E. Scrocco, and J. Tomasi, Theor. Chim. Ada 26, 101 
(1972). 

230 R. D. Brown and B. A. W. Coller, Theor. Chim. Ada 7, 259 (1967). 

231 D. W. Davies and W. C. Mackrodt, Chem. Commun., 345 (1967). 

232 D. W. Davies and W. C. Mackrodt, Chem. Commun., 1226 (1967). 

233 W. C. Mackrodt, A. Wardley, P. A. Curnuck, N. L. Owen, and J. Sheridan, Chem. 
Commun., 692 (1966). 

234 E. Kochanski, J. M. Lehn, and B. Levy, Chem. Phys. Lett. 4, 75 (1969). 
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TABLE IV 

14 N Quadrupole Coupling Constants (in MHz) 



Calculated 


Experimental" 


X- 

Xbb 

X,c 

Xaa Xbb 

Xcc References 

-4.29 

-4.99 

+ 1.95 
+ 1.58 

+ 2.34 
+ 3.41 

-3.99 +1.58 

+ 2.41 232 

— 234 


“ From the microwave spectrum. 233 


The results of the former method agree rather well with the experiment 233 
(see Table IV) while those of the latter are only in moderate agreement. 
It is found that the largest component of | x | lies approximately in the 
direction of the classically defined nitrogen lone pair. 234 

C. Dipole Moments 

The dipole moments of the oxazole molecule determined by dielectric 218 
and Stark-effect measurements in the microwave spectrum 233 are 1.4 and 
1.5 ± 0.1 D, respectively. On the basis of small inertial defects in oxazole, 
Mackrodt et al. m have concluded that the molecule is planar. There is 
a complete lack of data on the dipole moment of simple alkyl-substituted 
oxazoles. On the other hand, the values of the dipole moments of a number 
of aryl-substituted oxazoles have been reported (see Table V). As might 
be expected, a nitro substituent into the para position of a phenyl ring 
attached to oxazole increases the value of dipole moment by 2.0-3.5 D. 

The relatively small magnitude of the dipole moment of oxazole itself, 
and of diphenyloxazoles, shows only small resonance contributions from 
some of the polar structures. The electron density distribution in 2,4-, 
2,5-, and 4,5-diphenyloxazoles calculated by the LCAO-MO method 
indicates that these heterocycles do not contain a single ir-electron system 
involving complete conjugation of the ir-electrons of the C=N and C=C 
bonds with the p-electron pair on oxygen. 236 However, vector calculations 
indicate considerable conjugation between substituents and ir-electrons 
of the heterocycle through the phenyl ring. 236 

Changes in the electric dipole moments of 2-(l-naphthyl)-5-phenyl- 
oxazole and 2,5-bis(4-biphenylyl)oxazole between the ground and excited 
states have been measured in various solvents by absorption and fluo- 

235 A. E. Lutskii, A. V. Shepel, 0. P. Shvaika, N. P. Demchenko, and G. P. Klimisha, 

Khim. Geterotsikl. Soedin. 4, 364 (1968); Chem. Heterocycl. Compounds 4, 268 (1968). 
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TABLE V 

Dipole Moments of Oxazoles 


Compound 

D 

(Debye units) 

References 

Oxazole 

1.4, 1.50 

216, 233 

2,4-Diphenyloxazole 

1.29 

235 

2,5-Diphenyloxazole 

1.55 

235 

4,5-Diphenyloxazole 

1.85 

235 

2-Methyl-4,5-diphenyloxazole 

1.7 

235a 

2-Bromomethyl-5-phenyloxazole 

2.68 

235 

2-a-Bromoethyl-5-phenyloxazole 

2.52 

235 

2-Biphenylyl-5-phenyloxazole 

1.65 

235 

2-p-Bromophenyl-5-phenyloxazole 

1.87 

235 

2-p-Methoxyphenyl-5-phenyloxazole 

1.92 

235 

2-p-Nitophenyl-5-phenyloxazole 

5.11 

235 

5-p-Nitrophenyl-2-phenyloxazole 

3.56 

235 

5-p-Nitrophenyl-2-p-methoxyphenyloxazole 

4.96 

235 

5-Biphenylyl-2-phenyloxazole 

1.95 

235 

2,5-Bis (4-biphenylyl) oxazole 

3.6 

236 

4-Bromo-2,5-diphenyloxazole 

2.15 

235 

4-Iodo-2,5-diphenyloxazole 

2.22 

235 

5-Iodo-2,4-diphenyloxazole 

1.42 

235 

Benzoxazole 

1.5 

216 


rescence spectroscopy. 236 A similar measurement has been carried out by 
Kutsyna et al. m on 2-phenyl-5-(4-dimethylaminophenyl)oxazole and 
compared with the calculated values. 

D. Thermodynamic Data 

The thermodynamic properties of oxazole for the ideal gaseous state 
assuming the harmonic oscillator-rigid rotator model have been calculated 
by Soptrajanov 238 over the temperature range 298.16 o -1000°K; and by 
Manley and Williams 239 in the temperature range 50°-2000°K. At 25°C, 
the heat capacity of oxazole is 60.40 J K -1 mole -1 ; its heat content is 
40.04 J K -1 mole -1 ; its free energy is 230.69 J K -1 mole -1 ; and the entropy 

235o p p Oesper, G. L. Lewis, and C. P. Smyth, J. Amer. Chem. Soc. 64, 1130 (1942). 

236 B. Bartoszewicz, P. Baluk, A. Chamma, and A. Kawski, Bull. Acad. Pol. Sci., Ser. 
Sci., Math., Astron. Phys. 19, 175 (1971). 

237 L. M. Kutsyna, V. M. Golovenko, L. D. Kornilovskaya, Zh. Prikl. Spektrosk. 15, 
466 (1971); Chem. Abstr. 76, 13654 (1972). 

236 B. Soptrajanov, Croat. Chem. Acta 40, 79 (1968). 

239 T. R. Manley and D. A. Williams, Spectrochim. Acta, Part A 24, 361 (1968). 
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is 270.73 J K -1 mole -1 at 1 atm. The values found for oxazole are almost 
parallel to those of isoxazole, which is expected due to the close cor¬ 
respondence of the principal moments of inertia and the fundamental 
infrared frequencies of the two compounds. 

E. Ultraviolet and Fluorescence Spectra 

The absorption maximum in the ultraviolet spectrum of oxazole appears 
at 205 nm (log « = 3.59) which is at a longer wavelength than the first 
absorption maximum of benzene (A max 198 nm, log e ~ 3.9). 102 ' 126 ’ 100 
Alkyl groups introduced at any position in the oxazole ring produce 
little or no effect in the position of the absorption maximum. 91 ’ 102 A phenyl 
group in conjugation with the double bond of the heterocycle causes the 
absorption band to shift towards longer wavelengths. Thus the absorption 
maxima of 2-, 4-, or 5-phenyloxazoles (with or without alkyl substituents 
at other positions) lie at 243-267 nm. 102 ’ 240 The observation that the 2- or 
5-phenyloxazoles absorb at approximately 20 nm higher wavelength than 
the 4-phenyloxazoles can be attributed to the formal conjugation of the 
phenyl ring with the two double bonds in the oxazole nucleus. 

Brown and Ghosh 240 have used ultraviolet spectroscopy to study the 
nature of the bonding in diphenyloxazoles. The spectrum of 2,5-diphenyl- 
oxazole shows two main peaks, of which the high-intensity one at 314 nm 
(log t 4.34) is considered to arise from an extended conjugation as in 
structure 151, cf. p-terphenyl, 2,5-diphenylfuran, and 2,5-diphenyl-l,3,4- 
oxadiazole. 241 The absence of such a high-intensity peak above 276 nm in 
the spectrum of 2,4-diphenyloxazole (152) suggests that canonical 
structures such as 153 contribute little to the oxazole resonance, and hence 
to the conclusion that an oxazole is more like a conjugated diene than a 
fully aromatic system. 240 

‘CXHD- 

(151) 



(152) (153) 

242 D. J. Brown and P. B. Ghosh, J. Chem. Soc. B, 270 (1969). 

241 H. H. Jaffd and M. Orchin, “Theory and Applications of Ultraviolet Spectroscopy,” 
p. 274. Wiley, New York, 1962. 
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A simple MO calculation of the longest-wavelength band in the absorp¬ 
tion spectra of oxazole and its mono- and diphenyl-substituted derivatives 
has been performed by Balaban et al. m \ their results are in agreement 
with experimental data. 

Introduction of a phenyl group into the 4-position of 2,5-diphenyloxazole 
produces a slight bathochromic shift and lowered intensities for both 
absorption and fluorescence spectra. 243 The spectrum of 4- or 5-benzyl- 
substituted oxazoles shows A max at 250-270 nm (log e 2.1-2. 6). 102 

Intense peaks appear in the ultraviolet spectrum when a carbonyl 
function is conjugated with the oxazole ring as in the oxazole carboxylic 


TABLE VI 

Ultraviolet Absorption Spectral Data of Some Simple Oxazoles 


Oxazole 

(nm) 

(log e) 

Xmax 

(nm) 

(log e) 

References 

Unsubstituted 

205 

(3.59) 

_ 

_ 

125, 160 

4-Me-5-CH 2 Cl 

223.5 

(3.87) 

— 

— 

91 

4-Me-5-CH 2 CH 2 Br 

220 

(3.78) 

— 

— 

91 

2,4-Me 2 -5-CH 2 CH 2 Cl 

218.5 

(3.83) 

— 

— 

91 

2-Ph 

263 

16,290 

— 

— 

240 

4-Ph 

243 

17,420 


— 

101, 102, 
240 

5-Ph 

267 

19,370 

261 

19,800 

240 

5-Me-4-Ph 

247 

(4.18) 

— 

— 

101, 102 

2,5-M e2 -4-Ph 

247 

(4.06) 

— 

— 

101, 102 

4-Me-5-Ph 

265 

(4.23) 

— 

— 

101, 102 

2,4-M e2 -5-Ph 

264 

(4.29) 

— 

— 

101, 102 

2,4-Ph 2 

276 

17,200 

232 

17,500 

240 

2,5-Ph 2 

314 

22,080 

244 

12,100 

240, 243 

4,5-Ph 2 

275 

(4.09) 

220 

(4.27) 

243a 

2-Ph-4-CH 2 Cl 

266 

13,300 

216.5 

2,100 

389 

2-Ph-4-CH 2 Br 

268 

15,900 

210 

13,150 

389 

2-Ph-4-CH 2 OH 

268 

11,600 

218 

2,880 

389 

2-Ph-4-CH 2 CN 

264.5 

14,000 

— 

— 

389 

2-Ph-4-NCO 

277 

8,500 

— 

— 

389 

4-COOEt 

214 

(3.88) 

— 

— 

125 

4,5-(COOEt) 2 

241.5 

(3.95) 

— 

— 

125 

4,5-(COOMe) 2 

241.5 

(3.95) 



125 


242 Z. Simon and A. T. Balaban, Rev. Roum. Chim. 8, 199 (1963). 

243 D. G. Ott, F. N. Hayes, E. Hansbury, and V. N. Kerr, J. Amer. Chem. Soc. 79, 
5448 (1957). 

243a R. Gompper and H. Herlinger, Chem. Ber. 89, 2816 (1956). 
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esters, 61 ’ 112 > 126 carboxylic acids, 38 ' 147 carboxamides, 199 ’ 200 and acetyloxazoles. 147 
Ultraviolet spectral data for 5-alkoxyoxazoles 66 ' 69 and 5-aminooxa- 
zoles 61112 ’ 198 ’ 199 ’ 208 ’ 244 have also been recorded. Table VI lists ultraviolet 
absorption spectral data for a number of simple oxazoles. 

Ultraviolet absorption spectroscopy has been used to determine isomeric 
product ratios, 101 to estimate the position of the thione-thiol equilibrium 
in oxazoline-2 (3//)-thiones, 246 to study the mechanism of the isomerization 
of 5-aminooxazoles to a-acylaminonitriles, 244 and also for the quantitative 
determination of 4-methyl-5-propoxyoxazole. 246 Berlman, 247 from a study 
of emission spectrograms, has shown that transient excited dimers are 
formed by concentrated solutions of 2,5-diphenyloxazole in p-xylene. 

Of the oxazoles studied by spectrophotometry, perhaps the most 
extensively observed are the 2,5-diaryl derivatives, because it is well 
known that 2,5-diaryloxazoles possess the best scintillation characteristics. 
Moreover, since absorption and fluorescence spectra are both important 
for scintillators, a huge compilation of such data has been made available 
in the last two decades. 22 ' 41 ' 47-60 ' 243 ' 248-263 This property of oxazoles has, 
in fact, been the subject of several monographs 241 ' 264-267 in the past, and 
therefore it is not discussed at any length in this review. 

244 G. Kille and J. P. Fleury, Bull. Soc. Chim. Fr., 4631 (1968). 

246 G. Kjellin and J. Sandstrom, Acta Ckem. Scand. 23, 2888 (1969). 

246 V. M. Svetlaeva, V. V. Mishchenko, and I. M. Kustanovich, Khim.-Farm. Zh. 
5, 49 (1971); Chem. Abstr. 75, 67542 (1971). 

247 1. B. Berlman, J. Chem. Phys. 34, 1083 (1961). 

248 F. N. Hayes, V. N. Kerr, D. G. Ott, E. Hansbury, and B. S. Rogers, U.S. At. Energy 
Comm. LA-2176 (1958). 

242 M. D. Barnett, D. H. Daub, F. N. Hayes, and D. G. Ott, J. Amer. Chem. Soc. 82, 
2282 (1960). 

250 G. Drefahl and U. Engelmann, Chem. Ber. 93, 492 (1960); G. Drefahl and K. Winne- 
feld, J. Prakt. Chem. 29, 72 (1965). 

251 Yu. N. Panov, N. A. Androva, and M. M. Koton, Opt. Spektrosk. 7, 29 (1959); Chem. 
Abstr. 54, 23814 (1960). 

252 L. M. Kutsyna and E. T. Verkhovtseva, Opt. Spektrosk. 12, 785 (1962); Chem. 
Abstr. 57, 15960(1962). 

263 V. A. Kornienko, L. M. Kutsyna, and V. G. Vlasov, Opt. Spektrosk. 32, 1234 (1972); 
Chem. Abstr. 77, 82097 (1972). 

254 1. B. Berlman, “Handbook of Fluorescence Spectra of Aromatic Molecules.” Academic 
Press, New York, 1965. 

255 J. B. Birks, “The Theory and Practice of Scintillation Counting.” Pergamon, Oxford, 
1967. 

256 D. M. Hercules (ed.), “Fluorescence and Phosphorescence Analysis: Principles and 
Applications.” Wiley (Interscience), New York, 1966. 

287 G. G. Guilbault (ed.), “Fluorescence: Theory, Instrumentation, and Practice.” 
Arnold, London, 1967. 
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F. Infrared and Raman Spectra 

Assignments of the absorption frequencies of oxazole 126 ' 268 ’ 259 in the 
infrared region fall into three main regions: 600-1260 cm -1 (modes in¬ 
volving the oxazole nucleus, and that involving the CH, i.e., in-plane and 
out-of-plane bending vibrations), 1330-1550 cm -1 (aromatic C—C and 
C—N bonds), and 3080-3170 cm -1 (C—H stretching vibrations). Borello, 
Zecchina, and Appiano 258 studied the infrared spectra of oxazole in the 
gaseous and liquid states at room temperature between 4000 and 600 
cm -1 . On the basis of similarity to the spectrum of isoxazole and its 
published assignments, they made a plausible spectral assignment for 
the oxazole molecule. They also concluded that oxazole belongs to the 
C, point group (assuming a planar structure) and that it can be considered 
as a nearly symmetric top. 

The infrared and Raman spectra of oxazole and thiazole have been 
measured in the vapor, liquid, and solid states as well as in solution, and a 
complete assignment of the normal modes of vibration has been made. 269 
Once again, a planar structure for oxazole has been assumed in analogy 
with the then-known planar structure of thiazole. Despite the difference 
in approaches of the two groups of workers, 268 ’ 269 the vibrational assign¬ 
ments of oxazole (a total of 18 normal modes, all infrared- and Raman- 
active) agree almost completely. PR branch separations of band envelopes 
produced by the oxazole molecule have been calculated and compared 
with the experimental values. 260 

Infrared spectra of 4-methyloxazole and 2,4-dimethyloxazole for the 
gaseous and liquid states, and of liquid 2-n-hexy 1-5-methyl oxazole, have 
been measured at room temperature between 4000 and 600 cm -1 . A 
comparison with the spectra of oxazole and considerations of the rotational 
envelopes has allowed a plausible assignment of the absorption bands with 
reasonable success. 261 Examination of the infrared spectra in the solid 
state of 2,4-dimethyl-, 2-methyl-4-phenyl-, and 2-methyl-4,5-diphenyl- 
oxazolcs, and various benzoxazoles shows regularities in the 1660-1500 
cm -1 region. Absorption bands at 1660-1600 cm -1 and 1585-1500 cm -1 
have been assigned to the vibrations arising from the heterocyclic ring 
system. 262 

258 E. Borello, A. Zecchina, and A. Appiano, Spedrochim. Acta 22, 977 (1966). 

258 G. Sbrana, E. Castellucci, and M. Ginanneschi, Spedrochim. Acta, Part A 23, 751 

(1967). 

260 W. A. Seth Paul and G. Dijkstra, Spedrochim. Acta, Part A 23, 2861 (1967). 

261 E. Borello, A. Zecchina, and A. Appiano, Spedrochim. Acta, Part A 23, 1335 (1967). 
282 P. Baasignana, C. Cogrossi, and M. Gandino, Spedrochim. Acta 19, 1885 (1963). 
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The infrared spectra (recorded in carbon tetrachloride and carbon 
disulfide solutions or mulls) of more than 25 2-aryl-5-phenyloxazoles have 
been reproduced, tabulated, and discussed by Hayes et al. 263 

Infrared absorption spectral data for several oxazole derivatives, 86 ' 90 
including alkyl- 98 ' 126 and aryl- 263 ' 264 substituted oxazoles, 2-amino- and 
substituted-amino derivatives 109 ' 112 ' 136 , 5-amino 179 ' 198-201 and 5-alkoxy- 
oxazoles, 66 carboxylic acids, 112 ' 147 esters, 126 179 ' 184 carboxamides, 199 ' 200 4- 
acetyloxazoles, 147 halogenoalkyl oxazoles, 91 oxazolines, 262 and benzoxazoles 262 
have been reported. 


G. Nuclear Magnetic Resonance Spectra 

The proton magnetic resonance spectrum of oxazole (in carbon 
tetrachloride) is relatively simple and shows two one-proton broad singlets 
at 5 = 7.84 ppm and 7.12 ppm (assigned to the 2-H and 4-H, respectively), 
and a one-proton triplet centered at 5 = 7.66 ppm (assigned to the 5-H). 
The 5-H atom is coupled equally to H-2 and H-4 (J 2i6 = J 4 , 6 ~ 0.9 
Hz) and then these later proton bands are broadened by nitrogen 
coupling. 206 These coupling constants are slightly lower than the cor¬ 
responding values in 1-methylimidazole 260 (J 4i6 = 1.0 Hz) and substan¬ 
tially lower than in thiazole 207 ' 208 (J 2 , b = 1.9 Hz, J iib = 3.2 Hz), thereby 
indicating greater bond polarization by the strongly electronegative oxygen 
atom than by nitrogen or sulfur. 209 The apparent lack of 2,4-coupling is 
attributed to nitrogen perturbation. 240 

Chemical shift data for a number of simple oxazoles are listed in Table 
VII. 

The progressive introduction of methyl groups into oxazole causes the 
expected upfield shift of proton signals relative to those of the parent; 
electron-withdrawing substituents cause a shift in the opposite direction. 
These substituent effects, in general, appear to be transmitted induc¬ 
tively. 240 A phenyl group in the 4- or 5-position has little effect on the 

2.3 V. L. Koenig, F. N. Hayes, B. S. Rogers, and J. D. Perrings, U.S. At. Energy Comm. 
AECU-2778 (1953). 

2.4 L. L. Nagornaya, 0. A. Gunder, and V. S. Koba, Prom. Khim. Reaktivov Osobo Chief. 
Veshchestv 8, 26 (1967); Chem. Abstr. 69, 32336 (1968). 

2.6 H. A. Staab, H. Irngartinger, A. Mannschreck, and M.-Th. Wu, Liebigs Ann. Chem. 
695, 55 (1966). 

2 “ G. B. Barlin and T. J. Batterham, J. Chem. Soc. B, 516 (1967). 

2.7 B. Bak, J. T. Nielsen, J. Rastrup-Andersen, and M. Schottlander, Spectrochim. Acta 
18, 741 (1962). 

2,6 A. Taurins and W. G. Schneider, Can. J. Chem. 38, 1237 (1960). 

2,2 C. N. Banwell and N. Sheppard, Disc. Faraday Soc. 34, 115 (1962). 
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TABLE VII 

Chemical Shifts (4, ppm) of Aromatic Protons and Methyl 
Protons of Some Simple Oxazoles“ 


Oxazole 

2-H 

4-H 

5-H 

2-CH 3 

4-CH 3 5-CH 3 

References 

Unsubstituted 

7.95 

7.09 

7.69 

_ 

_ 


240, 265, 271 

2-Me 

— 

6.82 

7.41 

2.37 

— 

— 

240, 271 

4-Me 

7.77 

— 

7.27 

— 

2.11 

— 

240, 270, 271 

2,4-Me 2 

— 

— 

7.14 

2.22 

2.06 

— 

240 

2,5-Me 2 

— 

6.42 

— 

2.29 

— 

2.22 

240 

4,5-Me 2 

7.69 

— 

— 

— 

2.08 

2.24 

135, 240 

4-Me-5-Et 

7.71 

— 

— 

— 

2.12 

— 

98 

4-Me-5-Pr 

7.72 

— 

— 

— 

2.16 

— 

98 

4-Me-5-Bu‘ 

7.70 

— 

— 

— 

2.14 

_ 

98 

4,5-Prj 

7.54 

— 

— 

— 

— 

— 

265, 272 

2,4,5-Me 3 

— 

— 

— 

2.28 

1.96 

2.15 

240, 271 

4-COOEt 

8.20 

— 

7.91 

— 

— 

— 

240 

4-CONHs 

8.29 

- 

7.87 

- 


— 

240 

2-Me-4-COOEt 

_ 

_ 

8.17 

2.50 

_ 

_ 

240 

4-Me-5-Ac 

7.95 

— 

— 

— 

2.49 

— 

240 

4-Me-5-CN 6 

8.41 

— 

— 

— 

2.40 

— 

240 

4-Me-5-CONH 2 

7.82 

— 

— 

— 

2.51 

— 

240 

4-Me-5-COOMe 

7.99 

— 

— 

— 

2.46 

— 

240 

4-Me-5-COOEt 

7.96 

— 

— 


2.47 

— 

240 

5-Me-2-COOEt 

— 

6.97 

— 

— 

— 

2.43 

107 

2,4^62-5^0 

— 

— 

— 

2.45 

2.35 

— 

240 

2,4-Me 2 -5-COOEt c 

— 

— 

— 

2.55 

2.40 

— 

240 

2,5-Me 2 -4-Ac 

— 

— 

— 

2.40 

— 

2.35 

240 

2,5-Me 2 -4-COOEt 

— 

— 

— 

2.50 

— 

2.23 

240 

4,5-Me 2 -2-MeO 

— 

— 

— 

3.92 d 

1.90 

2.09 

156 

2-Ph-4-Me-5-MeO 





2.07 

3.94 d 

159 


° Solvents are either CC1 4 or CDCL unless stated otherwise. 
6 MeOD. 

• D s O. 

d Methoxyl absorption. 


chemical shift of 2-H but a p-nitrophenyl group, especially at the 4-position, 
produces an appreciable downfield shift of the 2-H signal. The presence of 
electron-withdrawing or electron-releasing groups has been shown to 
have little, if any, effect on the coupling constants. 

Replacement of carbon tetrachloride by deuterium oxide as solvent 
causes a greater downfield shift (approx. ^0.3 ppm) in signals for H-2 
and H-5 than in that for H-4 (~0.2). Change of solvent has a relatively 
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small effect on the chemical shift of methyl protons, the least being on 
the 4-methyl protons. 240 ' 270 Benzene-induced solvent shifts in the nuclear 
magnetic resonance spectra of several substituted oxazoles can be in¬ 
terpreted as indicating that benzene complexes near the oxygen atom of 
the oxazole nucleus and forms a 1:1 solute-solvent collision complex 
of the type 154. 271 



'r' 


(154) 

Protonation has virtually no effect on the coupling constants of oxazoles 
but causes considerable changes in the chemical shift for the ring protons. 
Such changes for H-2 are particularly marked compared with those in 
other related heterocycles ; 240 ' 2G5_207 ' 270 the changes for H-4 and H-5 are 
less pronounced and quite close. Brown and Ghosh 240 consider this as 
consistent with part of the positive charge residing on the oxygen atom in 
such oxazolium cations. The very low chemical shifts for the 2-H in 
oxazolium ions is attributed to an unusually high deshielding of this 
proton and it is therefore an unusually acidic aromatic hydrogen. 270 

The chemical shifts of H-2 in oxazolium salts have been shown to be 
very strongly solvent-dependent; it was conspicuous that the transition 
from less polar solvents to methanol effected a shift to higher field strength, 
while with oxazoles a shift in the reverse direction was observed. 272 

The use of PMR spectroscopy has permitted the investigation of 
hydrogen-deuterium exchange phenomena in oxazoles and oxazolium 
salts. Staab and his co-workers 206 ' 272 have found that the rate of exchange 
of the 2-proton in 4,5-disubstituted oxazolium methiodides is faster than 
in the corresponding bases by several powers of 10. Thus, the half-life 
time for the deuteration of 4,5-dipropyloxazole in methanol-d is 600 
minutes (at 60°), while the 2-position of the corresponding methiodide 
is completely deuterated after 3 minutes at 37°C. 

In order to study the nature of activated hydrogens in compounds 
related to thiamine (vitamin Bj), Hafferl, Lundin, and Ingraham 273 

270 P. Haake and W. B. Miller, J. Amer. Chem. Soc. 85, 4044 (1963). 

271 J. H. Bowie, P. F. Donaghue, and H. J. Rodda, J. Chem. Soc. B, 1122 (1969). 

272 H. A. Staab, M.-Th. Wu, A. Mannschreck, and G. Schwalbach, Tetrahedron Lett., 
845 (1964). 

273 W. Hafferl, R. Lundin, and L. L. Ingraham, Biochemistry 2, 1298 (1963). 
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have measured the rate of exchange of H-2 with deuterium in 3,4- 
dimethyloxazolium iodide at pD 3.8-4.7 in 0.1 N acetate-d buffer. The 
observation, by NMR that oxazolium salts exchange at the 2-position 
faster than the corresponding thiazolium salts 273 led Pullman et al. m to 
revise their previous calculations of net ir-electron distribution in these 
systems. 276 The large net positive charge on C-2 in 4-methyloxazolium and 

3.4- dimethyloxazolium ions is considered to effectively polarize the 
C-2—H bond in such a way as to remove the electrons from H-2. A 
reasonable agreement between the calculated ir-charge distribution and 
observed NMR chemical shifts has also been found. 274 

Haake, Bausher, and Miller 276 in a similar study on the rates of exchange 
of 2-hydrogens in 3,4-dimethyloxazolium, 3,4-dimethylthiazolium, and 

1.3.4- trimethylimidazolium ions, found relative second-order rate con¬ 
stants of 10 6 - 6 : 10 3 - 6 : 1, respectively. This indicates that the 3,4-dimethyl¬ 
oxazolium ion exchanges its 2-proton with deuterium 100 times faster 
than the corresponding thiazolium ion, which in turn exchanges about 
3000 times faster than the 1,3,4-trimethylimidazolium ion. The exchange 
reaction is believed to occur through the ylide (155, X = O, S, or NCH 3 ). 



(155) 


Nuclear magnetic resonance spectroscopy has been used to determine 
the isomer distribution in reaction products, 98 ’ 136 to determine substituent 
positions, 277 and generally to study structural problems. 109 ’ 166 ’ 201 NMR 
data for a number of 2- and 5-aminooxazoles and their N-substituted 
derivatives have also been recorded. 107 ’ 136 ' 198-201 The observed proton 
chemical shifts of oxazole and other heteroaromatic compounds have 
been used to obtain qgtimates of the electron distribution in these systems. 278 

Carbon-13 magnetic resonance studies have been made on 4-methyl- 
oxazole and its onium ions. 270 ’ 276 ' 279 The 13 C-H coupling constants are 

274 R. L. Collin and B. Pullman, Arch. Biochem. Biophys. 108, 535 (1964). 

275 B. Pullman and C. Spanjaard, Biochim. Biophys. Acta 46, 576 (1961). 

276 P. Haake, L. P. Bausher, and W. B. Miller, J. Amer. Chem. Soc. 91, 1113 (1969). 

277 G. Kjellin and J. Sandstrom, Spectrochim. Acta, Part A 25, 1865 (1969). 

276 P. J. Black, R. D. Brown, and M. L. Heffernan, Aust. J. Chem. 20, 1305 (1967). 

272 L. P. Bausher, Ph.D. Thesis, University of California, Los Angeles (1967); Dies. 
Abstr. B 28, 565 (1967). 
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unusually large in both the free base and the onium ions, especially for 
H-2 in the protonated 4-methyloxazole = 247 Hz) and in 3,4- 

dimethyloxazolium ion = 246 Hz). These values lie in the same 

range as those for acetylenic hydrogens, nearly as large as any 13 C-H 
coupling constant yet observed. 270 ' 276 Once again, this reflects the high 
acidity of H-2 in these systems. No experimental data are available for 
13 C-H coupling constants in oxazole; however, the calculated values for 
the 2-, 4-, and 5-positions are 227.0, 200.5, and 208.5 Hz, respectively. 280 

The nitrogen-14 nuclear magnetic resonance spectra of several azoles 
(including oxazole) and their benzo derivatives show a linear relationship 
between the chemical shifts and the SCF-PPP-MO ir-charge densities. 281 
The l4 N chemical shift of oxazole is 124 ± 1 ppm (in carbon tetrachloride) 
at high field relative to internal nitromethane. 281 A value of 125 ± 10 ppm 
has been reported for the 14 N chemical shift in 2,5-diphenyloxazole relative 
to 14 N of N0 3 “ in ammonium nitrate. 282 


H. Mass Spectrometry 

The first published account of the mass spectrometry of isomeric di- 
phenyloxazoles was initiated in an attempt to establish the structure of 
a new oxazole alkaloid. 283 A detailed study of the mass spectra of a variety 
of alkyl- and aryloxazoles was not reported until recently. 284 ' 286 The mass 
spectrum of oxazole itself is typical of an unsubstituted aromatic compound 
inasmuch as the molecular ion (m/e 69) constitutes the base peak. The 
major fragment ions occur at M — 1, M — 27 (M — HCN), M — 28 
(M - H 2 CN and/or M - CO) and M - 29 (M - CHO). 284 

The mass spectra of isomeric alkyloxazoles are distinctive and exhibit 
characteristic fragmentation patterns; in this respect they are akin to 
those of the corresponding pyridines. One of the most intriguing features 
of the spectra is the marked tendency for many of the oxazoles to eliminate 
carbon monoxide from the molecular ion, typically by the pathway shown 
in Scheme 5. 284 


2,0 K. Tori and T. Nakagawa, J. Phys. Chem. 68, 3163 (1964). 

231 M. Witanowski, L. Stefaniak, H. Januszewski, Z. Grabowski, and G. A. Webb, 
Tetrahedron 28, 637 (1972). 

232 D. Herbison-Evans and R. E. Richards, Mol. Phys. 8, 19 (1964). 

233 W. D. Crow, J. H. Hodgkin, and J. S. Shannon, Aust. J. Chem. 18, 1433 (1965). 

234 J. H. Bowie, P. F. Donaghue, H. J. Rodda, R. G. Cooks, and D. H. Williams, Org. 
Mass Spectrom. 1, 13 (1968). 

235 J. H. Bowie, P. F. Donaghue, H. J. Rodda, and B. K. Simons, Tetrahedron 24, 3965 
(1968). 
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^C 6 H 5 -6 H -N=CD-^C 7 H 6 t 
(m/e 118) (m/e 90) 

* denotes metastable peak 
Scheme 5 

The loss of carbon monoxide from the molecular ions of 2,5-disubstituted 
oxazoles has been suggested to occur with ring-opening and subsequent 
(or associated) migration of the C-5 substituent (e.g., bromine) to the 
C-4 position. Such 1,2-shifts to carbonium ion centers generated upon 
electron impact are well established (Scheme 6). 




(m/e 130) 

•denotes metastable peak 

Scheme 6 

Bond-forming reactions also occur during the fragmentation of 
2,5- and 4,5-diphenyloxazoles as evidenced by abundant ions of mass m/e 
165 and 166 in their spectra. The m/e 166 (C 13 Hi 0 + ) formally originates 
from the two phenyl rings and one C atom of the oxazole nucleus. The 
facile loss of a hydrogen atom is almost certainly associated with skeletal 
rearrangement to the fluorenyl cation (156) or to the phenalenium cation 
(157) (Scheme 7). 284 

The formation of the fluorenyl cation (156) in the spectra of diphenyl- 
oxazoles has been noted previously 283 and a mechanism has been proposed. 
It has been suggested 286 that the formation of 156 from 2,5-diphenyloxazole 
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C 6 H 5 



R = alkyl or phenyl 




(m/e 165) 
(156) 


(m/e 165) 

(157) 


is energetically more favorable than its formation from 4,5-diphenyl- 
oxazole, and that the bond formation does not occur between the 2- and 
4-substituents because of the relatively small abundance of 156 in the 
mass spectrum of 2,4-diphenyloxazole. 

Deuterium-labeling experiments 284 indicate that D atoms inserted into 
the oxazole nucleus, or incorporated in methyl groups attached to the 
oxazole nucleus, are not randomized with H atoms at other nuclear posi¬ 
tions prior to the major fragmentation, in contrast to what occurs with 
simple alkyl benzenes. This technique has allowed the detection from the 
spectrum of 2,4,5-triphenyloxazole of two alternative rearrangement 
pathways. 286 Recently, a p-fluoro-labeling study 286 found partial scrambling 
before fragmentation in 2-p-fluorophenyl-4,5-diphenyloxazole. 

A tentative correlation between the mass spectral fragmentation of 
3,5-diphenylisoxazole, 2-phenyl-3-benzoyl-l-azirine, and 2,5-diphenyl¬ 
oxazole, and their photochemical behavior has been suggested by 
Japanese workers. 287 


I. POLAROGRAPHY 

Polarographic data (half-wave potentials, diffusion current constants, 
etc.) on several oxazole derivatives have been obtained by Bezuglyi 

289 M. M. Bursey and R. L. Nunally, J. Org. Chem. 37, 3032 (1972). 

287 H. Nakata, H. Sakurai, H. Yoshizumi and A. Tatematsu, Org. Mass Spedrom. 
1, 199 (1968). 
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et al. m ~ m Reduction of the majority of the 2,5-diaryloxazoles on a 
dropping mercury electrode, using tetraethylammonium iodide as the 
supporting electrolyte in 92% methanol, requires six electrons for the 
reduction of the C=N, C=C, and C—0 bonds. The electrochemical 
reduction process for these oxazoles is suggested to proceed as shown in 
Eq. (13). The product (158) would, however, be expected to be hydrolyzed 
easily to an amine and an arylaldehyde. 

R 

H n H + 6 e" + 6 H + -»-R'-CHj-CH,—NH—CH 

r-V'b Ah <I3) 

(158) 

Unlike the other 2,5-diary loxazoles, 2-(1-naphthyl )-5-phenyl- and 
2-(2-naphthyl )-5-phenyloxazoles consume only two electrons per molecule 
for reduction [Eq. (14)], giving 4-oxazoline derivatives as the product. 289 
The 2-methyl analog was not reduced on a mercury electrode. 288 

r —N r —NH 

Ph^ V-C 10 H, + 2e- + 2H + -- Ph—/ W-C 10 H, (14) 

</ \> x 

Moreover, 2,4- and 4,5-diphenyloxazoles require only four electrons 
for reduction of the oxazole nucleus without the ring-opening. Polarographic 
investigations of halo- and mercury-substituted oxazoles, 290 and vinyl- 291 
and nitro- 293 substituted diaryloxazoles have also been reported. The 
half-wave potentials for oxazole derivatives have been noted to be pH- 
and temperature-dependent. 289 ’ 293 

Greig and Rogers 294 studied the electrochemical behavior of 2,5-di- 
phenyloxazole and 2-(1-naphthyl )-5-phenyloxazole in an aprotic solvent, 

2,6 V. D. Bezuglyi and N. P. Shimanskaya, Zh. Obshch. Khirn. 31, 3160 (1961); J. Gen. 
Chem. USSR 31, 2948 (1961). 

238 V. D. Bezuglyi, N. P. Shimanskaya, and E. M. Peresleni, Zh. Obshch. Khim. 34, 
3540 (1964); J. Gen. Chem. USSR 34, 3588 (1964). 

280 N. P. Shimanskaya, G. P. Klimisha, O. P. Shvaika, and V. D. Bezuglyi, Khim. 

Geterotsikl. Soedin. 3, 596 (1967); Chem. Heteroq/cl. Compounds 3, 481 (1967). 

2,1 T. A. Alekseeva and V. D. Bezuglyi, Zh. Obshch. Khim. 37, 1943 (1967); J. Gen. 
Chem. USSR 37, 1845 (1967). 

288 V. D. Bezuglyi, N. P. Shimanskaya, and I. F. Mikhailova, Khim. Geterotsikl. Soedin. 

4, 26 (1968); Chem. Heterocycl. Compounds 4, 21 (1968). 

2,8 F. Makkay, C. Makkay, and M. Ionescu, Stud. Univ. Babes-Bolyai, Ser. Chem. 

15, 119 (1970); Chem. Abstr. 75, 14225 (1971). 

288 W. N. Greig and J. W. Rogers, J. Electrochem. Soc. 117, 1141 (1970). 
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TABLE VIII 

Basic p K Values of Substituted 
Oxazoles 0 ' 6 


Substituent 

P*. 

4-Me 

1.24 

2,4-Mes 

2.91 

4,5-Me 2 

2.05 

2,4,5-Mea 

3.56 

4,5-(CH) 1 e 

-0.5 

4-Ph 

-1.21 

5-Ph 

0.26 

5-p-ClC,H 4 

0.16 

5-p-0 2 N.C,H 4 

-0.19 

5-p-MeO.C«H 4 

0.70 

4-Me-S-Ac 

-0.97 

Oxime deriv. 

0.18 

4-Me-5-COOEt 

-0.89° 

4-Me-5-COOMe 

-1.00 

4-Me-5-Ph 

1.09 

4-Me-5-p-0 2 N.C 6 H 4 

0.39 

2,4-Me2-5-Ac 

0.21 

2,4-Me 2 -5-COOEt 

0.28 

2,4-Mej-5-Ph 

2.45 

2,4-Me 2 -5-p-0 2 N.C«H 4 

1.69 

2,5-M e2 -4-Ac 

0.20 

Oxime deriv. 

1.28 

2-Me-4-COOEt 

-0.89 

2,5-Me 2 -4-COOEt 

0.15 


0 All values have been taken from 
Brown and Ghosh, 240 except as quoted. 

6 Measurements in aqueous media at 
20° spectrometrically. 

0 Benzoxazole. From Snyder and 
Buell. 233 " 

d Haake and Bausher 800 have reported a 
value of +0.83 from potentiometric 
titration. 

dimethylformamide, at platinum and mercury electrodes in the presence 
and absence of proton donors. Both compounds are reduced via two 
polarographic steps. The first is a reversible one-electron transfer producing 
a stable anion radical. The second is a reversible one-electron transfer 
followed by rapid protonation of the dianion. The resulting protonated 
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species undergo a slow irreversible reaction, finally, to give the long-term 
electrolysis product. 

First wave 

R + e- ^ R~ 

Second wave 


R 2_ + SH -> RH- + S- 
RH- + SH —> RH 2 + S- 

where R is the substituted oxazole and SH is a proton source. 

A study of the influence of the proton donor hydroquinone on the 
polarographic reduction of a series of phenyl- and naphthyl-substituted 
oxazoles in dimethyl formamide suggest that they are reduced at high 
proton donor to compound ratios. 296 The polarographic behavior of 2,5- 
diphenyloxazole hydrobromide in DMF has also been studied. 296 

J. Acid-Base Strength 

Until recently it was thought, on the basis of their solubility in aqueous 
acid and the stability of the oxazole hydrochlorides towards hydrolysis, 
that the oxazoles and pyridines are bases of comparable strength. 1 This 
suggestion can no longer be accepted in view of the pX a values (see Tables 
VIII and IX) obtained by Brown and Ghosh, 240 which indicate that 
oxazoles are about 10 4 times weaker bases than the corresponding pyridines. 

The pX a value of oxazole itself has been determined 240 by the chemical 
shifts of H-2 in acidic media and is 0.8 ± 0.2 at 33°C. The feebly basic 
strength of oxazole relative to thiazole (pX a 2.53), 297 pyridine (5.23), 297 
or 1-methylimidazole (7.33 ) m is attributed primarily to the powerful 
inductive effect of the electronegative oxygen atom. This effect, evident 
in isoxazole (pX a —2.03), 240 ' 299 is clearly more important than any 
base-strengthening effect from delocalization of the oxygen lone pair in 
oxazole. 

265 S. L. Smith, L. D. Cook, and J. W. Rogers, J. Electrochem. Soc. 119, 1332 (1972). 

298 L. Ya. Kheifets and N. P. Demchenko, Monokrisl. Stsintill. Org. Lyuminofory, 122 
(1969); Chem. Abstr. 76, 14405 (1972). 

291 A. Albert, R. J. Goldacre, and J. N. Phillips, J. Chem. Soc., 2240 (1948). 

299 G. B. Barlin, J. Chem. Soc. B, 641 (1967). 

299 For isoxazole a pA a value of +1.3 reported previously by G. Speroni and P. Pino, 
Gaze. Chim. Ital. 80, 549 (1950), has been doubted by Haake and Bausher, 800 and 
indeed a reexamination 240 has given the value reported above in the text. 
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TABLE IX 

Basic and Acid p K Valdes of Oxazole Carboxylic Acids 0 ' 6 


Substituent 

P K m 
(basic) 

P K* 

(acidic) 

2-COOH-5-Ph 

-1.87 

1.78 

2-COOH-5-p-Cl. CeH 4 

-1.81 

1.68 

2-C00H-5-p-0 2 N.C«H 4 

— 

1.54 

4-COOH 

— 

3.41 

4-COOH-2-Ph 

— 

3.41 

4-COOH-2-Me 

-0.66 

3.54 

4-COOH-2,5-Me 2 

0.27 

4.12 

4-COOH-2,5-Ph 2 

-1.32 

3.35 

5-COOH-4-Me" 

-0.72 

2.83 

5-COOH-2,4-Mei! 

0.38 

3.03 

5-COOH-2,4-Ph 2 

-1.44 

2.4 


° From Brown and Ghosh. 240 

6 Measured in aqueous media at 20° spectrometrically. 

c Haake and Bausher 380 have reported the pX a values of this compound as +0.95 and 
2.88, obtained by potentiometric titration. The first p K % is probably in error. 


The same trend in basicity has been observed by Haake and Bausher 279 ' 300 
among 4-methyl-l ,3-heteroazoles. Thus, 4-methyloxazole (pX a 1.07) 
is about 100 times less basic than 4-methylthiazole (3.07), and about 10° 
times less basic than 4-methylimidazole (7.61). 301 

Substituent effects on the basicity and acidity of oxazoles have been 
discussed by Brown and Ghosh. 240 The effects of 5-substitution on the 
basic strengths of 4-methyl- and 2,4-dimethyloxazole are summarized in 
the closely rectilinear plots of Hammett substituent constants (<r m ) 
versus pK a values in Fig. 2. From the data in the Tables VIII and IX, 
and also from Fig. 2, it is evident that the introduction of a 2-methyl 
group increases the p K a of an oxazole by an abnormally high increment 
(~1.6 units), whereas a 4-methyl group (also adjacent to the site of 
protonation) produces a much smaller increase (~0.6), comparable to 
that from a 5-methyl group. Oxazoles bearing an electron-withdrawing 

2880 L. R. Snyder and B. E. Buell, J. Chem. Eng. Data 11, 545 (1966). 

300 P. Haake and L. P. Bausher, J. Phys. Chem. 72, 2213 (1968). 

301 F. Schneider, Z. Physiol. Chem. 338, 131 (1964); Chem. Abstr. 62, 11905 (1965). 
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Fig. 2. Plots of pX a values for 4-methyl-(A) and 2,4-dimethyl-5-substituted oxazoles 
(B) against the Hammett ( mela)-a constants. [Reproduced with permission from D. 
J. Brown and P. B. Ghosh, J. Chem. Soc. B, 270 (1969).] 

substituent at C-4 (such as Ac, COOEt, COOH) have pX a values very 
similar to those of the respective 5-isomers, a fact readily explained in 
terms of stabilization of the cation by hydrogen-bonding with the carbonyl 
group of the 4-substituent. However, with 4- and 5-p-nitrophenyloxazole, 
in both of which such bonding is impossible, the 4-isomer is the weaker 
base. 240 

The acidic p K a values of the carboxyoxazoles (see Table IX) furnish 
a direct guide to the electron distribution over the three carbon atoms. 
The acidic strength of the isomers is clearly in the order 2 > 5 > 4, the 
reverse of that expected if the acid-weakening effect of the hydrogen 
bonding between each acid group and the adjacent 0 and/or N atoms 
were the determining factor. 240 

The acidity of H-2 in oxazoles and oxazolium salts, and their comparative 
rates of deuteration, have been discussed before (see Section III,G). 
The rates for 2-deuteration of 4- and/or 5-substituted oxazoles in CH 3 ONa- 
CH 3 OD (at H_~14.4) have been measured by Brown and Ghosh. 240 
Under strongly alkaline conditions oxazole undergoes instantaneous 
2-deuteration and a slower 5-deuteration, which indicate that the electron 
density at the three C atoms of oxazole is in the order 4 > 5 > 2, a result 
in agreement with the pX a values of the three monocarboxyoxazoles. The 
effect of substituents on the 2-deuteration of oxazoles was consistent with 
the electronic nature of the groups. 
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IV. Chemical Properties 


A. Aromatic Character and Reactivity 

The classical structure of oxazole (159) is partly inconsistent with its 
aromatic character and small dipole moment, but a set of resonance 
structures involving dipolar forms such as 160 and 161 as contributors 



(159) (160) (161) 


appears to give a more accurate picture. Apparently, the contribution of 
ionic resonance structures in oxazole is more important than that in 
benzene. For this reason, the oxazole ring possesses greater reactivity, 
or in other words, less stability towards electrophilic and nucleophilic 
reagents. There seems to be only one reported instance of reaction of a free 
radical with an oxazole. 302 

In their resistance towards ring scission by acids, the oxazoles are 
considered to be somewhat more stable than the furans but less stable 
than the pyridines. This stability of oxazoles is also reflected in their 
formation under strongly acidic conditions. The ring is also remarkably 
stable to alkali but may be opened by nucleophilic reagents such as 
ammonia, 2,4-dinitrophenylhydrazine, and malononitrile and base under 
certain conditions. 

The oxazole ring is relatively easily cleaved by many oxidizing agents 
such as permanganate, 37 - 303 chromic acid, 303 - 304 or hydrogen peroxide. 304 
The oxidation products are often the acids, amides, or imides (RCONH- 
COCOR) containing the substituent present in oxazole. A comprehensive 
bibliography of the action of oxidizing agents on oxazoles and the resulting 
products has been given by Cornforth 4 in an earlier review. Oxidation of 
4,5-diaryloxazoles with chlorine or bromine leads to the corresponding 
benzils in high yields. 304 - 30 6 The stability of oxazoles to reduction varies 
considerably, depending on the type of reducing agents. Both chemical 

302 J. W. Cornforth and E. Cookson, J. Chem. Soc., 1085 (1952). 

303 M. Ionescu and C. Makkay, Stud. Univ. Babes-Bolyai, Ser. Chem. 16, 61 (1971); 
Chem. Abstr. 76, 126841 (1972). 

304 T. van Es and 0. G. Backeberg, J. Chem. Soc., 1363 (1963). 

303 T. van Es and 0. G. Backeberg, J. Chem. Soc., 1371 (1963). 
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and catalytic reductions often lead to ring-opening and give a variety of 
products; these are discussed later (see Section IV, F). 

Considerable advances have been made in recent years in the under¬ 
standing of the aromatic substitution reactions of oxazoles. Molecular 
orbital calculations (Section III, B) predict that electrophilic attack 
should occur preferentially at position 5, and indeed this is observed. The 
relative order of reactivity calculated theoretically is not in complete 
accord with the experimentally observed order (5 > 4 > 2); therefore 
it is evident that the electrophilic substitution reactions are rather more 
complex than the present theoretical calculations would predict. 

The oxazoles also display a number of characteristics that are typical 
of the furans and are explained by the structural similarity of these 
heterocyclic systems. The ease with which they undergo Diels-Alder 
reactions with dienophiles and autooxidation with singlet oxygen (see 
Sections IV, D and E) clearly demonstrates that oxazoles are not fully 
aromatic. This fact and ultraviolet data (Section III, E) suggest that 
oxazoles should be considered partly as conjugated dienes. 

The autoassociation phenomena of oxazole and 2,4-dimethyloxazole 
have been studied by Meyer et al. 30& A cryometric analysis of the inert 
solvent-oxazole binary system reveals the existence of intermolecular 
oxazole-oxazole type association. Data obtained with 2,4-dimethyloxazole 
indicate the importance of steric hindrance in this type of association. 306 
Oxazoles readily form stable complexes with metal salts of the general 
formula BMX 2 (where M is a bivalent metal cation). 196 196 These are 
very useful in isolation and characterization of oxazoles. 


B. Electrophilic Substitution Reactions 


1. Halogenation 

The halogenation of a number of substituted oxazoles has been studied 
by Gompper and Riihle. 307 ' 308 They found that the nuclear bromination 
of oxazoles either with bromine or with V-bromosuccinimide occurs 
preferentially at C-5; if this was occupied, then at C-4, but not at C-2. 
Similar observations were later reported in brominations with liquid 

306 M. Meyer, R. Meyer, and J. Metzger, J. Chim. Phys. Physicochim. Biol. 67, 1380 
(1970). 

307 R. Gompper and H. Riihle, Liebigs Ann. Chem. 626, 83 (1959). 

303 R. Gompper and’H. Riihle, Liebigs Ann. Chem. 626, 92 (1959). 
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bromine in carbon tetrachloride or glacial acetic acid. 18 ’ 116 ' 284 ’ 286 . 309-311 In 
some instances, for example with 2,5-diphenyloxazole, only the oxazole- 
bromine adducts (162) are obtained. 307 Electrophilic substitution in the 
phenyl groups of 4,5-diphenyloxazoles by bromine could not be effected 
even in the presence of catalysts such as iron filings, iodine, or ferric 
chloride. 304 



(162) (163) 


Bromination of 2-phenyl-5-ethoxyoxazole with iV-bromoacetamide gives 
2-phenyl-4-bromo-5-ethoxyoxazole (163), an unstable liquid which does 
not form a Grignard reagent. 2 

iV-Bromophthalimide and dioxane dibromide have been found less 
effective for bromination; 307 oxidation reactions predominate. Chlorination 
of 2-methyl-4,5-diphenyloxazole in chloroform at room temperature 
after 14 days results in the formation of 4,5-dichloro-2-trichloromethyl- 
4,5-diphenyl-2-oxazoline, which is basically an addition compound. 307 

2. Mercuration 

The behavior of oxazoles towards mercuric acetate, which results in 
formation of electrophilically substituted products, has been studied by 
Shvaika and Klimisha. 312 ’ 313 Mercuration of phenyloxazoles in acetic 
acid results in products mercurated only at the unsubstituted C atoms in 
the heterocyclic ring. Like halogenation, the order of reactivity of the 
various positions in the ring is C-5 > C-4 > C-2. The hydrolysis of the 
mercurated oxazoles with dioxane-concentrated hydrochloric acid re¬ 
generates the parent oxazoles, 313 whereas treatment with halogens (bromine 
or iodine) gives the corresponding halooxazole in 55-90% yields. 18 ' 312 The 
reaction thus offers an indirect but efficient method of introduction of 

803 T. Saito, Japanese Patent 20538 (1967); Chem. Abstr. 69, 10427 (1968). 

310 N. Saito, T. Kurihara, K. Yamanaka, S. Tsuruta, and S. Yasuda, Yakugaku Zasshi 
88, 1289 (1968); Chem. Abstr. 70, 37686 (1969). 

311 I. Simiti and E. Chindris, Arch. Pharm. (Weinheim ) 305, 509 (1972). 

312 O. P. Shvaika and G. P. Klimisha, Dopov. Akad. Nauk Ukr. RSR, 1479 (1965); Chem. 
Abstr. 65, 7159 (1966). 

313 O. P. Shvaika and G. P. Klimisha, Khim. Geterotsikl. Soedin. 2, 19 (1966); Chem. 
Heterocycl. Compounds 2, 14 (1966). 
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halogens into the oxazole ring through electrophilic substitution (Scheme 

8 ). 


-HgOAc 


L, + KI 
H a O 


Ph 


Scheme 


Symmetrical bis(oxazolyl)mercury derivatives (164 and 165) are 
obtained by treatment of the appropriate oxazolylmercury acetates with 
sodium stannite. 312 - 313 



(164) (165) 


3. Nitration, Sulfonation , and Chlorosulfonation 

The only recorded instance of a nitration of an oxazole derivative where 
the nitro group substitutes a ring hydrogen is the formation, in 97% 
yield, of 5-nitro-2-dimethylamino-4-(p-nitrophenyl) oxazole (166) from 


^"VnMs, H^HNO, ^ 0 ,N^~VNMe 2 
" 4 ° X o / 

(166) 

2-dimethylamino-4-phenyloxazole by nitration with a mixture of concen¬ 
trated sulfuric and nitric acids at — 4°C. 104 In general,. however, both 
nitration 39 ' 161 and sulfonation 19 ' 314 of substituted oxazoles occur only in 
the phenyl groups, and occupy almost invariably the para-position. 304 
Thus, on nitration 2-methyl-4,5-diphenyloxazole forms the corresponding 
di-p-nitrophenyl derivative, whereas sulfonation attacks only the 5-phenyl 
group. 2,4,5-Triphenyloxazole can be converted to the tris (p-nitrophenyl) 
derivative. 304 Chlorosulfonation with chlorosulfuric acid analogously 
takes place at the para-position of the phenyl ring. 304 

The relative reactivities of the phenyl groups in the 2-, 4-, and 5-positions 
of oxazole towards electrophilic attack are in the order C-5 > C-4 > C-2. 

«• 0. Trosken, German Patent 869,490 (1953); Chem. Abstr. 52, 16372 (1958). 
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Recently Simiti and Chindris 311 have reported that on nitration of 2- 
(p-substituted)phenyl-4-chloromethyloxazoles, the nitro group was always 
introduced in the position ortho to the existing substituent on phenyl. 

C. Nucleophilic Attack 

Halogen substituents in the 2-position are reactive and are relatively 
easily replaceable by aminoalkyl, 106 hydrazino, 317 alkoxy, and hydroxy 
groups. 316 ’ 316 The order of the mobility of ring halogens toward nucleophiles 
is X-2 » X-4 > X-5. 308 

The reaction of 4,5-disubstituted 2 (3H)-oxazolones with phosphorus 
oxychloride leads to the formation of the corresponding 2-chlorooxa- 
zoles. 316 ’ 316 2-Chlorooxazoles on heating with formamide or acetamide at 
a high temperature for 3-4 hours and then pouring into water yield the 
corresponding 2(3H)-oxazolones (2-hydroxyoxazoles). 316 Nucleophiles 
derived from active methylene compounds also displace the 2-chloro 
substituent. A multifunctional nucleophile may bring about secondary 
reactions also. For example, 4,5-diphenyl-2-chlorooxazole on heating at 
150° with o-phenylenediamine forms 1,2-diphenylimidazo[l ,2-a] benzimi¬ 
dazole (168) 316 supposedly through the normal displacement product 167. 



nh, J 

(167) 



(166) 

Metalation of 2-unsubstituted oxazoles with n-butyllithium at low 
temperature produces the corresponding 2-lithio derivatives, which are 
useful intermediates for the preparation of deuterium-labeled com- 

815 R. Gompper and F. Effenberger, Angew. Chem. 70, 628 (1958). 

816 R. Gompper and F. Effenberger, Chem. Ber. 92, 1928 (1959). 

817 H. Beyer, S. Melde, and K. Dittrich, Z. Chem. 1, 191 (1961). 
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pounds. 284 ’ 286 4- and 5-Lithio derivatives of oxazoles are obtainable by 
metal-halogen exchange reaction of the respective bromooxazoles and 
n-butyllithium in ether at low temperatures. 284 ' 286 ' 318 

Quaternized oxazoles are readily attacked by hydroxide, ammonia, 
and amines. Cleavage of the oxazole ring is observed by attack of hydroxide, 
undoubtedly at position 2, and iV-methyl-a-acylamino ketone (169) is 
formed. 319 Treatment of 2-amino-5-phenyl-3-phenacyloxazolium bromide 
with ammonia gives 4-phenyl-l-phenacyl-2-imidazolone (170) by ring¬ 
opening and reclosure. A similar reaction with aliphatic amines (RNH 2 ) 
leads to 1-substituted 2,6-diphenylimidazo[l ,2-a]imidazoles (171). 320 


R'COCH a N(CH s )COR 

(169) 



R 


(170) (171) 


2,3,4,5-Tetrasubstituted oxazolium perchlorates or methyl sulfates 
on heating with ammonium acetate in acetic acid are readily converted 
into the corresponding tetrasubstituted imidazoles (172) in good yields. 321 



-R" 


(172) 


518 R. Lakhan, unpublished work (1971). 

“■ D. G. Ott, F. N. Hayes, and V. N. Kerr, J. Amer. Chem. Soc. 78, 1941 (1956). 

320 A. Hetzheim and H. Pusch, Z. Chem. 10, 385 (1970). 

321 R. Gompper, Chem. Ber. 90, 374 (1957). 
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Treatment of 2,3,5-trisubstituted oxazolium perchlorates with gaseous 
ammonia in ethanol leads to 2-hydroxy-A 3 -imidazoline derivatives, while 
the corresponding imidazolinium perchlorates form when aromatic primary 
amines are used. 322 


D. Reactions as Conjugated Azadienes 

Reactions of oxazoles indicate that they are not fully aromatic substances 
and that the azadiene system present readily reacts with dienophiles by 
the Diels-Alder mechanism. The bicyclic adducts formed in these con¬ 
densations undergo facile aromatization, particularly in acid media, by 
elimination of a molecule of water, an alcohol, hydrocyanic acid, a nitrile, 
or hydrogen, forming substituted pyridine bases. The course of the reaction 
is highly dependent on the substituents on the oxazole ring, the nature 
of the dienophile, and the reaction conditions. 

The reaction has been very useful for the synthesis of substituted py- 
ridines, particularly pyridoxine (vitamin B e ) and its homologs and analogs. 
In the last decade a number of papers and patents dealing with the inter¬ 
action of oxazoles with dienophiles, leading to pyridines, have appeared, 
they were critically reviewed by Karpeiskii and Florent’ev 11 in 1969. 
Therefore, reactions leading to pyridines are described here only briefly, 
in order to give a clear picture of the scope of the reaction. 

In the late 1950s Kondrat’eva 323 ’ 324 first showed that alkyloxazoles 



(173) (174) 



322 G. M. Dorofeenko, L. V. Mezheritskaya, and V. I. Dulenko, Khim. Geterotsikl. 
Soedin., Sb. 2: Kislorodsoderzhashchie Geterotsikly, 287 (1970); Chem. Abstr. 76, 140618 
(1972). 

“ G. Ya. Kondrat’eva, Khim. Nauka Prom. 2, 666 (1957); Chem. Abstr. 52, 6345 (1958). 
324 G. Ya. Kondrat’eva, Izv. Akad. Nauk SSSR, Otd. Khim. Nauk, 484 (1959); Bull. 
Acad. Sci. USSR, Div. Chem. Sci., 457 (1959). 
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undergo Diels-Alder reaction with maleic anhydride in benzene to give 
substituted cinchomeronic acids (174) in good yields, presumably by 
cleavage of the oxygen-bridge of the initially formed adduct 173. Reaction 
with maleimide in the presence of hydroquinone 326 or with fumaronitrile 
in the presence of a trace of picric acid 326 gives the corresponding pyridine- 
3,4-dicarboximide (175) or 3,4-dicyanopyridine derivative. Analogously, 
5-alkoxyoxazoles give the corresponding 3-hydroxypyridines (176 ). 326 ’ 327 

A study of the effect of substituents on the reactivity of oxazoles 328 ’ 329 
under Diels-Alder conditions has shown that reactivities follow the order: 
alkoxy > alkyl ~ 4-phenyl > acetyl > ethoxycarbonyl » 2- and 5-phenyl. 
The failure of the 2- and 5-phenyl-substituted oxazoles to react as heter¬ 
odienes is partly due to the increase in steric crowding and partly arises 
from the deconjugation of the phenyl rings which would occur during the 
intermediate adduct formation, in comparison with analogous alkyl 
derivatives. Lengthening of the carbon chain in the 2-position of the 
oxazole ring reduces the activity of the diene system, as is shown by the 
drop in yield of the product from 54% to 40% on going from methyl 
to n-amyl. 327 

A short synthesis of pyridoxine (178b) utilizing the Diels-Alder reaction 




(178b) (178a) 


825 G. Ya. Kondrat’eva and C.-H. Huang, Dokl. Akad. Nauk SSSR 141, 628 (1961); 
Proc. Acad. Sci. USSR, Chem. Sect. 141, 1169 (1961). 

828 V. A. Puchnova and E. A. Luk’yanets, Khim. Getesotsikl. Soedin., Sb. 2: Kislorod- 
soderzhashchie Geterotsikly, 327 (1970); Chem. Abstr. 76, 140453 (1972). 

327 G. Ya. Kondrat’eva and C.-H. Huang, DoM. Akad. Nauk SSSR 141, 861 (1961); 
Proc. Acad. Sci. USSR, Chem. Sect. 141, 1221 (1961). 

826 C.-H. Huang and G. Ya. Kondrat’eva, Izv. Akad. Nauk SSSR, Otd. Khim. Nauk, 
525 (1962). 

822 G. Ya. Kondrat’eva and C.-H. Huang, Dokl. Akad. Nauk SSSR 142, 593 (1962); 
Proc. Acad. Sci. USSR, Chem. Sect. 142, 59 (1962). 
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of 4-methyl-5-ethoxyoxazole (177) to construct the pyridine ring, was first 
achieved by Harris and his co-workers 66 in 1962. Later research has 
shown that 5-alkoxy-, 68 ’ 69 ’ 73 ’ 330-333 5-cyano-, 330 ’ 334 or 5-ethoxycarbonyloxy 77 - 
substituted 4-methyloxazoles condense with appropriate dienophiles 
(having a functionality readily convertible into two -CH 2 OH groups) 
to give, after acid treatment, 2-methyl-3-hydroxy-4,5-disubstituted 
pyridines (178a), which eventually have been transformed into vitamin B 8 
(178b). A number of analogs of pyridoxine have also been obtained by 
this method. 70 ’ 336 ’ 336 

The interaction of oxazoles with unsymmetrical dienophiles yields, as 
a rule, only one of the two possible isomers, in contrast to the usual Diels- 
Alder reactions where both possible products are generally obtained. 337 ’ 3371 
Thus, the reaction of 5-alkyl- or 5-alkoxy-substituted oxazoles with acrylic 
acid leads almost exclusively to the substituted isonicotinic acids (179) 
COOH 


(179) 

regardless of the nature of substituents. 337 Similar condensation of 4- 
methyloxazole with acrylonitrile in toluene, however, gives only 5% of 
the expected 2-methylisonicotinonitrile, while 12% of 2-methyl-3-pyridinol 
is obtained. 338 Reaction in a polar solvent (glacial acetic acid) has been 

330 W. Kimel and W. Leimgruber, French Patent 1,384,099 (1965); Chem. Abstr. 63, 
4263 (1965). 

331 F. Hoffmann-La Roche & Co., A.-G., Netherlands Appl. 6,506,703 (1965); Chem. 
Abstr. 64, 15851 (1966). 

333 T. Naito, K. Ueno, T. Miki, and H. Omura, Japanese Patent 36,301 (1970); Chem. 
Abstr. 74, 64211 (1971). 

333 T. Naito, Y. Morita, K. Ueno, S. Shimada, S. Miyazaki, and T. Fujiwara, Japanese 
Patent 39,259 (1970); Chem. Abstr. 74, 125462 (1971). 

334 F. Hoffmann-La Roche & Co., A.-G., Netherlands Appl. 6,404,750 (1964); Chem. 
Abstr. 62, 11818 (1965). 

335 V. L. Florentiev, N. A. Drobinskaya, L. V. Ionova, and M. Ya. Karpeisky, Tetra¬ 
hedron Lett., 1747 (1967). 

336 N. D. Doktorova, L. V. Ionova, M. Ya. Karpeisky, N. Sh. Padyukova, K. F. Turchin, 
and V. L. Florentiev, Tetrahedron 25, 3527 (1969). 

337 G. Ya. Kondrat’eva and C.-H. Huang, Dokl. Akad. Nauk SSSR 164, 816 (1965); 
Proc. Acad. Set. USSR, Dokl. Chem. 164, 939 (1965). 

33,0 G. Ya. Kondrat’eva, L. B. Medvedskaya, and Z. N. Ivanova, Izv. Akad. Nauk 
SSSR, Ser. Khim., 2125 (1972). 

338 T. Naito, T. Yoshikawa, F. Ishikawa, S. Isoda, Y. Omura, and I. Takamura, Chem. 
Pharm. Bull. 13, 869 (1965). 
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shown to give only the 3-pyridinol derivative in 28% yield. The reaction 
is quite general with 5-unsubstituted oxazoles, and the formation of 3- 
pyridinols is explained by the aromatization of the adduct (e.g., 180) by 



(181) 


the cleavage of the oxygen-bridge and elimination of hydrogen cyanide. 338 
Analogously, a 3-pyridinol derivative (181) is obtained by the condensa¬ 
tion of ethyl crotonate with 4-methyloxazole. 339 

Oxazole itself, in contrast to isoxazole, thiazole, and imidazole has been 
found to undergo Diels-Alder reaction with dienophiles. 340 ' 341 Isonicotinic 
acid esters (182, R = COOR') and isonicotinonitriles (182, R = CN) are 


R 



(182) 


obtained by the reaction of oxazole with acrylic esters or acrylonitrile in 
the presence of triethylamine. 341 

Extensive studies on the mechanism 342 ' 343 of the Diels-Alder reaction 
of oxazoles have clearly demonstrated that the formation of pyridine 
bases fundamentally involves two (or possibly three) steps: the condensa¬ 
tion of oxazoles with dienophiles giving the bicyclic adducts (183), and 

336 T. Yoshikawa, F. Ishikawa, and T. Naito, Chem. Pharm. Bull. 13, 878 (1965). 

340 1. I. Grandberg and A. N. Kost, Zh. Obshch. Khim. 29, 1099 (1959); J. Gen. Chem. 
USSR 29, 1060 (1959). 

341 P. Colin, French Patent, 1,550,352 (1968); Chem. Abstr. 72, 31629 (1970). 

342 T. Yoshikawa, F. Ishikawa, Y. Omura, and T. Naito, Chem. Pharm. Bull. 13, 873 
(1965). 

343 T. Naito and T. Yoshikawa, Chem. Pharm. Bull. 14, 918 (1966). 
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subsequent aromatization of these by cleavage of the oxygen-bridge 
with simultaneous or stepwise elimination of the two substituents attached 
to 03 and 04 of 183. The last step, depending largely on the structure 



(183) 



of the starting compounds, is supposed to occur in four principal ways 
(Scheme 9). Generally the synthesis proceeds by more than one pathway, 
simultaneously yielding a heterogeneous mixture of products. Of the 
four types shown in Scheme 9, the last reaction pathway involving the 
removal of a hydride ion either from the 3- or 4-position is energetically 
less favorable, and therefore rare. However, the presence of a hydride 
ion acceptor such as hydrogen peroxide has been shown to catalyze the 
reaction and give a better yield of the pyridine. 342 

The bicyclic adducts of the type 183 are extremely unstable, but in 
certain cases they have been isolated and rigorously characterized. Typic¬ 
ally, the condensation of 4-methyloxazole with iV-phenylmaleimide 
yields the adduct 184, 343 the stereochemistry of which has not been studied. 
The adducts 185 and 186, obtained by the condensation of 5-ethoxy-4- 
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methyloxazole with 4,7-dihydro-l, 3-dioxepin 331 and cis- and trans- 2,5- 
dimethoxy-2,5-dihydrofuran, 344 respectively, have been separated into the 
endo and exo racemates. 

Attempts have also been made 338 ' 346 to find a theoretical explanation 
of the stereo or positional selectivity in the first stage of the heterodiene 
synthesis, especially in the interaction between 5-ethoxy-4-methyloxazole 
and asymmetric dienophiles, e.g., /9-acetylacrylic acid and its ethyl ester. 
ir-Electron density calculations for the diene and dienophile molecules 
by the HMO method indicate the formation of the 4-acetylpyridine deriva¬ 
tive (187) from ethyl /3-acetylacrylate, while the opposite orientation 
would be expected in the reaction with the free acid, giving a substituted 
5-acetylpyridine as the main product. Indeed, 5-ethoxy-4-methyloxazole 
on condensation with ethyl /3-acetylacrylate affords only 187, while in 
the condensation with /3-acetylacrylic acid, only 2-methyl-3-hydroxy-5- 
acetylpyridine (188) is isolated. 338 ’ 348 



(187) (188) 


The condensation of ethyl 5-ethoxyoxazole-4-acetate (189) with a 
variety of dienophiles has permitted the syntheses of several 4,5-di- 
substituted 2-ethoxycarbonylmethyl-3-pyridinols. 348 ' 347 Very often the 

344 T. Naito, K. Ueno, M. Sano, Y. Omura, I. Itoh, and F. Ishikawa, Tetrahedron Lett., 
5767 (1968). 

345 N. A. Drobinskaya, L. V. Ionova, M. Ya. Karpeiskii, N. Sh. Padyukova, K. F. 
Turchin, and V. L. Florent’ev, Khim. Gelerolsikl. Soedin. 6, 37 (1970); Chem. 
Heterocycl. Compounds 6, 33 (1970). 

343 T. Miki and T. Matsuo, J. Pharm. Soc. Jap. 87, 323 (1967). 

347 M. Kawazu, K. Azuma, and M. Wada, Japanese Patent 26,492 (1970); Chem. Abstr. 
74, 53544 (1971). 
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intermediate bicyclic adducts, having an exocyclic bond, have been isolated 
as crystalline solids in high yields. 336 ’ 348 As an illustrative example, con¬ 
densation of 189 with maleic anhydride gives the endo (190) and exo 
(191) adducts; the former easily isomerizes to the latter on heating. 348 



On the other hand, the bicyclic intermediates (e.g., 192) have never been 
isolated from the reaction of 5-ethoxyoxazole-4-acetic acid 349 with the 
dienophiles; rather the decarboxylated compounds (e.g., 193) are in¬ 
variably obtained as the end products, presumably through 192. 350 Matsuo 
and Miki 350 have also shown that the reaction with asymmetric dienophiles 
occurs to introduce an electron-attracting group preferentially at the 
4-position of the pyridine nucleus. 



(192) (193) 


848 T. Matsuo and T. Miki, Chem. Pharm. Bull. 20, 669 (1972). 

849 T. Miki and T. Matsuo, Japanese Patent 16,502 (1971); Chem. Abstr. 75, 36002 
(1971). 

860 T. Matsuo and T. Miki, Chem. Pharm. Bull. 20, 806 (1972). 
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The condensation of ethyl 4-methyl-5-ethoxyoxazole-2-carboxylate 
(194) with 2-isopropyI-4,7-dihydro-1,3-dioxepin on refluxing gives a 66% 
yield of 4-methyl-5-hydroxy-6-(hydroxymethyl)-2-oxodihydrofuro[3,4-6]- 
pyridine (195). 351 


Murakami et ah 352 made an interesting observation in a study of the 
reaction of 5-ethoxycarbonyIoxy-4-methyloxazole with diethyl fumarate. 


COOEt 

COOEt 




Hv ✓COOEt 

T - 

EtOOC-'TH 


COOEt 

COOEt 




EtOOC COOEt 


o^ 

HjN^H 


HjC-il .OCOOEt 
^COOEt 


381 M. Takehara, K. Togo, Y. Maeda and Y. Yoshida, Japanese Patent 07,553 (1972); 
Chem. Abstr. 77, 114447 (1972). 

M. Murakami, K. Takahashi, J. Matsumoto, K. Tamazawa, K. Murase, H. Iwamoto, 
and M. Iwanami, Bull. Chem. Soc. Jap. 41, 628 (1968). 
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It was noted that the decomposition of the addition product (196) may 
proceed simultaneously by two different routes, giving either the expected 
pyridine derivative (197) or pyrrole derivative (198) as the major product 
(Scheme 10). Treatment with ethanolic hydrochloric acid gives mainly 
197 (formed by cleavage of the C—0 bond of the adduct), while aqueous 
hydrochloric acid gives mainly 2-acety 1-3,4-bis(ethoxycarbonyl)pyrrole 
(198), probably by hydrolysis of the C=N bond of adduct 196. Similar 
results have been obtained with 4-methyl-5-ethoxyoxazole. 352 

The fate of the bicyclic Diels-Alder adducts derived by the interaction 
of oxazoles with dienophiles containing a triple bond is very different 
from those considered above. In such cases ready elimination of hydrogen 
cyanide or a nitrile by the retro-diene cycloaddition mechanism (also 
called retro-Diels-Alder reaction) is generally observed. Typically, the 
reaction of 5-ethoxyoxazoles (199) with dimethyl acetylenedicarboxylate 



in cold ether leads to dimethyl 2-ethoxyfuran-3,4-dicarboxylate in 51-53% 
yield, together with the appropriate nitrile. 353 ’ 354 The less reactive sub¬ 
stituted oxazoles require refluxing in benzene or toluene and give the 
expected furan-3,4-dicarboxyIic esters in up to 90% yields, and nitriles 
containing the substituent originally at C-4 of the oxazole. 353-355 The 
reaction with 4,5-tetramethyleneoxazole in refluxing ether yields the 
dimethyl ester of 2-(4-cyanobutyI)furan-3,4-dicarboxylic acid (201). 355 

4-Monosubstituted oxazoles (or oxazole itself) in this way may offer 
a route to 3-mono- or 3,4-disubstituted furans by reaction with appropriate 

883 R. Grigg, R. Hayes, and J. L. Jackson, J. Chem. Soc. D, 1167 (1969). 

864 R. Grigg and J. L. Jackson, J. Chem. Soc. C, 552 (1970). 

888 G. Ya. Kondrat’eva, L. B. Medvedskaya, and Z. N. Ivanova, Izv. Akad. Nauk 
SSSR, Ser. Khirn,, 2276 (1971); Bull. Acad. Sci. USSR, Div. Chem. Sci. 20, 2148 
(1971). 
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acetylenic dienophiles. Thus, 4-phenyloxazole has been shown to react 
with propiolic acid and acetylacetylene to give moderate yields of 3-furoic 
acid and 3-acetylfuran, respectively, 356 whereas 4-methyloxazole gives a 
67% yield of 3,4-bis (hydroxymethyl )furan on heating with 2-butyne- 
1,4-diol at 170° for 24 hours under nitrogen 357 [Eq. (15)]. 


Me HO 

+ HOCHj—C=C—CHjOH -*- 

Once again, of alkyl-, acetyl-, carbethoxy-, and alkoxyoxazoles, the 
last have been found to be the most reactive as azadiens towards dienophiles 
such as propargaldehyde ( ynal ), acetylacetylene ( ynone ), diacetylacetylene 
(yndione), butynediol diacetal, and acetylenic esters. 358 ' 359 The reaction 





(203) 


383 S. Turner and S. R. Ohlsen, J. Chem. Soc. C, 1632 (1971). 

387 F. Graf and H. Koenig, German Offen. 1,935,009 (1971); Chem. Abstr. 74, 64201 
(1971). 

383 G. Ya. Kondrat’eva, L. B. Medvedskaya, Z. M. Ivanova, and L. V. Shmelev, Izv. 
Akad. Nauk SSSR, Ser. Khim., 1363 (1971); Bull. Acad. Sci. USSR, Div. Chem. Sci. 
20, 1278 (1971). 

383 G. Ya. Kondrat’eva, L. B. Medvedskaya, Z. M. Ivanova, and L. V. Shmelev, Dokl. 
Akad. Nauk SSSR, Ser. Khim. 200, 1358 (1971); Proc. Acad. Sci. USSR, Dokl. Chem. 
200, 862 (1971). 
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is particularly useful for the synthesis of the previously unknown class 
of esters of 2-alkoxyfuran-3-carboxylic acid. 

The formation of a y-pyrone (203) from the reaction of 5-ethoxyoxazoles 
(199) with diphenylcyclopropenone constitutes an example of a retro- 
homo-Diels-Alder reaction. 353 ' 354 In no case were adducts of the types 
200 or 202 isolated. But, nevertheless, stable adducts (204, R = H or 
Me) have been isolated from the oxazoles (199, R = H or Me) and diethyl 
azodicarboxylate in 65-66% yield, whereas 199 (R = Me) gives adduct 205 



Ph 


(204) (205) 

in 63% yield with triphenylcyclopropene. 354 Pyrolysis of adduct 205 
gives back the original oxazole (199, R = Me) and no acetonitrile. 354 

E. Reactions with Singlet Oxygen (Autoxidations) 

Oxazoles are extremely susceptible to the action of singlet molecular 
oxygen and behave as 1,3-dienes, as they do in the Diels-Alder reaction. 
The wide variety of reactions observed with singlet oxygen and oxazoles 
take place, not by diverse modes of attack of the excited oxygen species 
with the substrate, but rather by a multitude of paths that appear to be 
open for the decomposition of the intermediate peroxide or hydroperoxide. 
The secondary decompositions are highly dependent on the structure of 
the oxazole, the nature of the functional groups in the immediate environ¬ 
ment of the newly formed peroxide, the solvent, temperature, and other 
conditions. 

Thus, photooxidation of 2,4,5-triphenyloxazole in ether or benzene 
in oxygen (>3000 A) yields tribenzoylamide (207), benzonitrile, and 
benzoic anhydride, most probably by rearrangement of the intermediate 
bicyclic peroxide (206) in two different ways. 175 

Indeed, the systematic studies by Wasserman et al. :m ~ U2 on the photo¬ 
sensitized autoxidation of oxazoles have shown that this system may be 
directed to undergo facile destruction of the aromatic ring selectively 

860 H. H. Wasserman and M. B. Floyd, Tetrahedron Suppl. 7, 441 (I960). 

381 M. B. Floyd, Ph.D. Thesis, Yale University (1966); Diss. Abstr. B 27, 3457 (1967). 

382 H. H. Wasserman, Ann. N.Y. Acad. Sci. 171, (Art. 1), 108 (1970). 
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(PhCO) 3 N 

(207) 


PhC=N 


PhC-O-CPh 

o o 

through either of the above two pathways. Reactions in alcoholic solvents 
appear to lead to the triacylamine formation exclusively. Thus, both 
2-methyl-4,5-diphenyloxazole and 4-methyl-2,5-diphenyloxazole are trans¬ 
formed into A', iV-dibenzoylacetamide (210) by air in the presence of 
visible light in methanol containing methylene blue. 360 - 361 The trans- 
annular peroxide (208) formed in the first step undergoes a Baeyer-Villiger 
type of rearrangement with oxygen-insertion leading to isoimide (209), 
which then undergoes an 0-acyl to A^-acyl migration to give the triamide 
210. Triphenyloxazole analogously gives A^AT-dibenzoylbenzamide (207) 




(20« (209) 



as the main product. 360 In cases where the 4-position of the oxazole ring 
is unsubstituted, photooxidation could lead to triamides containing the 
A^-formyl group. This result has recently been observed in the photo¬ 
oxidation of 2,5-diphenyloxazole. 363 ’ 364 

363 M. E. Ackerman, Ph.D. Thesis, University of New Mexico (1971); Diss. Absir. B 
32, 1437 (1971). 

384 M. E. Ackerman, G. H. Daub, F. N. Hayes, and H. A. Mackay, in “Organic Scintilla¬ 
tors and Liquid Scintillation Counting” (D. L. Horrocks and C.-T. Peng, eds.), p. 315. 
Academic Press, New York, 1971. 
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The highly reactive intermediate isoimides of the type 209 have actually 
been obtained as reaction products when fused-ring oxazoles are employed 
as substrates. For example, the photosensitized autoxidation of the phenyl- 
substituted oxazole 211 in methanol yields the V-benzoylimino anhydride 
(2 12 ). 126 - 362 Further studies on the reaction of oxazoles with singlet oxygen 



to form triamides using 18 0-labeling technique have supported the me¬ 
chanism given. 365 

With fused-ring oxazoles of the type 211 imino anhydrides may be 
isolated in good yields in methanol. However, oxygenation in inert solvents 
such as methylene chloride takes an entirely different course and results 
in the formation of u-cyano acids or esters. Photooxidation of fused-ring 
oxazoles unsubstituted in the 2-position, such as 213, appears to proceed 
through the intermediate transannular peroxide 214, which then undergoes 
intramolecular rearrangement 175 to form the cyano anhydride (215). 
Loss of CO from this mixed anhydride of formic acid leads to u-cyano 
acid (216), the observed product, in 80-90% yields. 126 



65 H. H. Wasserman, F. J. Vinick, and Y. C. Chang, J. Amer. Chem. Soc. 94, 7180 
(1972). 
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Reaction of oxazoles with singlet oxygen generated from the thermal 
decomposition of 9,10-diphenylanthracene peroxide gives oxidation 
products identical to those observed in dye-sensitized photooxygena¬ 
tions. 366-368 

Unsensitized photolysis of 4,5-diphenyloxazoles (217) in ethanolic 
solution in air in the presence 369 or absence 370 of iodine leads to the forma¬ 
tion of phenanthro[9,10-d]oxazoles (218). 



(218) 


F. Miscellaneous Ring Cleavage Reactions 


1. By Reduction 

Chemical or catalytic reduction of oxazoles results in cleavage of the 
heterocyclic ring involving fission of the bond between C-2 or C-5 and 
oxygen; simple reduction products such as oxazolines or oxazolidines have 
never been isolated. Dornow and Eichholtz 371 have made some valuable 



»«« H. H. Wasserman and J. R. Scheffer, J. Amer. Chem. Soc. 89, 3073 (1967). 

387 J. L. Cooper, Ph.D. Thesis, Yale University (1970); Dias. Abair. B 31, 7182 (1971). 
888 H. H. Wasserman, J. R. Scheffer, and J. L. Cooper, J. Amer. Chem. Soc. 94, 4991 
(1972). 

888 J. L. Cooper and H. H. Wasserman, Chem. Commun., 200 (1969). 

370 M. Kojima and M. Maeda, Tetrahedron Lett., 2379 (1969). 

871 A. Dornow and H. Eichholtz, Chem. Ber. 86, 384 (1953). 
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generalizations from a study on the behavior of 2-substituted 4,5-diphenyl- 
oxazoles toward reduction. With sodium and ethanol, the reduction product 
is an amide (219) when a 2-alkyl group is present, while an amino alcohol 
(220) is obtained when the 2-substituent is an aryl group. Catalytic 
hydrogenation over platinum always results in saturation of the aryl 
substituents prior to cleavage of the oxazole ring; uniformly the products 
are acid amides. 371 Reductive fission of 2,5-diphenyloxazole with sodium 
and ethanol, 371 or lithium aluminum hydride 372 in tetrahydrofuran gives 
phenyl benzylaminomethyl carbinol. 5-Phenyloxazole and 5-phenyl-2- 
oxazolecarboxylic ester, on the other hand, resist hydrogenation over 
palladium-carbon or platinum oxide. 373 Similarly, ethyl 4-ethoxycarbonyl- 
2-aminooxazole-5-acetate (44) resisted hydrogenation over Raney nickel 
in ethanol. 112 

Hydrogenolysis of several substituted 2-, 4-, and 5-aminooxazole deriva¬ 
tives has been studied by Tanaka and his co-workers, 373-376 Thus, hydro¬ 
genation of benzyl 5-aryloxazole-2-carbamates (221) or of 2-amino-5- 
aryloxazoles (222) over palladium-carbon in ethanol or platinum oxide 
in acetic acid gives l-(2'-arylethyl)ureas. 373 ' 374 



o 


(222) 

Hydrogenation of 221 over platinum oxide in acetic acid leads to 
l-benzyloxycarbonyl-3-(2'-arylethyl)urea in high yields. 373 ' 375 The bulky 
substituents present in the oxazole ring show a marked effect on ring 
fission. 375 Reductive cleavage of benzyl 5-oxazolecarbamate using 
palladium-carbon in ethanol gives a-acylaminonitrile through the initially 
formed 5-aminooxazole, while the 4-oxazolecarbamates under similar 
conditions are converted to a brown resin. 376 Reduction in acetic anhydride 

373 N. G. Gaylord and D. J. Kay, J. Amer. Chem. Soc. 78, 2167 (1956). 

373 C. Tanaka, Yakugaku Zasshi 87, 10 (1967). 

374 C. Tanaka and H. Nishiki, Yakugaku Zasshi 87, 14 (1967). 

373 C. Tanaka, Yakugaku Zasshi 91, 485 (1971). 

376 C. Tanaka and H. Asai, Yakugaku Zasshi 91, 436 (1971). 
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- CH3CONHCHNHCOR 
CH S R' 


(16) 


using palladium-carbon results in the formation of 4- or 5-acetamido- 
oxazoles, which are easily ring-cleaved to the corresponding bis amides 
[Eq. (16)].*™ 


2. With 2,4-Dinitrophenylhydrazine 


Many oxazoles react slowly at room temperature with 2,4-dinitrophenyl- 
hydrazine in hydrochloric acid to form hydrazones (223) by ring fission. 84 ’ 160 
On the other hand, refluxing results in the formation of osazones (224) 
of glyoxal derivatives, presumably via 223. 377 


R* f "th— c x 

DNP, HCI NH N DNP, HCI 

\> - 1 ' 


CO NH 
R a C 6 H,(NOj ) 2 


N N 
NH NH 

(NO a ) 2 C 6 H s c„h 3 (no 2 ) 2 


(223) (224) 

Bredereck and his co-workers 377 suggest that the reaction occurs by 
the mechanism of Scheme 11. 


J = \ , 

^?"®OH 


K 


R 2 OH 




/R“ 

c=y 

NH OH 

CO 

R* 


(223) 


RV 


DNP 


I II 

NH O 

CO 


R a 


Scheme 11 


3. By Other Methods 

Theilig 84 has reported that 4,5-dimethyloxazole on treatment with 
benzoyl chloride in 10% sodium hydroxide yields 3-benzamidobutan-2- 

377 H. Bredereck, R. Gompper, P. Reich, and U. Gotsmann, Chem. Ber. 93, 2010 (1960). 
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one. Italian workers 62 have found that the oxidative cleavage of 5-ethoxy- 
4-ethoxycarbonyloxazoles (225, R = H or Me) with benzoyl nitrate 
(from benzoyl chloride and silver nitrate) in chloroform gives 226, while 
with perbenzoic acid the reaction gives the perbenzoate 227. 



(225) 


RCONHC(COOEt), 

OCOPh 

(228) 


RCONHC(COOEt) 2 

OOCOPh 

(227) 


Reaction of 2-methyloxazole with sulfur and amines at 160° for 35 
hours in an autoclave results in ring rupture. Thus, with aniline, acetanilide 
and acetamide are the products. It was suggested that the cleavage of 
the oxazole occurs at the 3-4 and 1-5 bonds [Eq. (17)]. 378 



160°, 35 hr 
autoclave 


C 6 H,NHCOCH, + CH 3 CONH 2 


(17) 


G. Miscellaneous Ring Transformations 

It has long been known that the conversion of oxazoles into imidazoles 
may be accomplished by treatment at high temperatures with ammonia 
or amines. 132 ’ 160 ' 379 Oxazole-4-carboxylic acids are converted similarly 
into the corresponding decarboxylated imidazoles (228). 302 


HOOC 



(228) 

Many oxazoles, including those unsubstituted at position 2, have been 
transformed into imidazoles in good yields when heated at 180°-200° 
with formamide or formamide/ammonia in an autoclave. 84 ’ 120 The reaction 
fails with benzoxazole and 2,4,5-triethyloxazole. Bredereck et al. 10 have 
postulated Scheme 12 as the reaction course for this transformation on 
the basis of an ammonolytic fission. 

878 T. P. Sycheva and M. N. Shchukina, Zh. Uses. Khim. Obshchest. 6, 117 (1961); Chem. 

Absir. 55, 14461 (1961). 

878 S. S. Minovici, Ber. 29, 2097 (1896). 
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Catalytic transformation of alkyl- or aryloxazoles into the corresponding 
thiazoles 330 ' 381 in low yields is possible by passage over alumina in a stream 
of hydrogen sulfide at 350°. This indicates that the oxazole ring is more 
stable towards attack by hydrogen sulfide than is furan. 380 

Acetyloxazoles are known to ring-open and recyclize in a number of 
interesting ways in the presence of nucleophilic reagents. Thus, with 
ammonia at 180°, 5-acetyloxazoles give 5-hydroxypyrimidines (229), 
probably by the reaction pathway shown in Eq. (18). 382 



(220) 


Recently Ghosh and Ternai 383 have reported the facile ring-opening 
and subsequent recyclization of 4- and 5-acetyloxazoles with the dicyano- 

8,0 Yu. K. Yur’ev and I. G. Zhukova, Zh. Obshch. Khim. 28, 7 (1958); J. Gen. Chem. 
USSR 28, 5 (1958). 

881 R. L. Ellsworth, D. F. Hinkley, and E. F. Schoenewaldt, French Demande 2,011,993 
(1970); Chem. Abstr. 74, 3628 (1971). 

881 A. Dornow and H. Hell, Chem. Ber. 93, 1998 (1960). 

888 P. B. Ghosh and B. Ternai, J. Org. Chem. 37, 1047 (1972). 
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methide anion. Thus, the reaction of 4-acetyl-2,5-dimethyloxazole with 
malononitrile in the presence of a base gives a red 3-aminopyridine de¬ 
rivative (231) through the intermediate formation of the dicyanovinyl 
compound (230), followed by an attack of a second molecule of malononit¬ 
rile and concerted ring-opening of the oxazole ring as shown in Scheme 13. 



Scheme 13 


On the other hand, a similar reaction of 5-acetyl-4-methyl- or 5-acetyI- 
2,4-dimethyloxazole leads to 2-acetyl-5-amino-l, 1,4-tricyano-3-methyl- 
cyclopentadiene (232), a yellow crystalline compound, in 60% yield. 
A mechanism of the formation of 232 has been proposed. 383 



Derivatives of 1,2,4-triazine have been obtained by quaternization of 
the substituted oxazoles with alkyl p-toluenesulfonate above 100°, followed 
by treatment of the product with hydrazine hydrate in a solvent. 384 

8,4 O. P. Shvaika and V. I. Fomenko, USSR Patent 310,907 (1971); Chem. Absir. 75, 
151843 (1971). 



Sec. IV.H.] 


ADVANCES IN OXAZOLE CHEMISTRY 


201 


H. Reactions of Substituents on Ring Carbon Atoms 
1. Alkyl and Aryl Groups 

Methyl substituents in the 2-position of oxazoles, as in other azoles, 
are reactive toward electrophiles in the presence of bases, but those in 
the 4- and 5-positions act as if they were attached to a benzene ring. 87 ’ 121 ' 385 
Accordingly, 2-methyl-4,5-diphenyloxazole condenses with benzaldehyde 
or benzophenone in liquid ammonia containing lithium amide, to form 
2-(/J-hydroxyethyl) derivatives (233, R = H or Ph) which on dehydration 
give 2-styryl oxazoles (234). 385 The 2-methyl group in benzoxazoles and 



(23S) (234) 


4,5,6,7-tetrahydrobenzoxazole reacts similarly with aromatic alde¬ 
hydes. 386-387 Another reaction of a methyl substituent is the transformation 
of 2-methyloxazole into 2-hydroxyiminomethyloxazole (235) in low yield 
by treatment with pentyl nitrite and sodamide in liquid ammonia. 388 

In the case of 4-methyl-2,5-disubstituted oxazoles, bromination with 
either bromine or A-bromosuccinimide affords the 4-bromomethyl com¬ 
pound. 307 2-Bromomethyl-4,5-diphenyloxazole is obtained by bromination 
of the corresponding oxazole with NBS in the presence of dibenzoyl 
peroxide. 121 Reaction with phosphorus pentachloride similarly gives the 
side-chain-chlorinated products. 60 

368 V. Dryanska and Khr. Ivanov, God. Sofii. Univ. Khim. Fak. 1968-69 63, 105 (1971); 
Chem. Abstr. 76, 126844 (1972). 

388 H. G. Thompson and M. B. Bochner, Belgian Patent 659,424 (1965); Chem. Abstr. 
64, 2090 (1966). 

8,7 S. Ueno, E. Shimogo, T. Kawasaki, D. Inmaru, F. Hirose, S. Heya, Y. Omura, and 
T. Fujii, German Offen. 2,026,452 (1970); Chem. Abstr. 74, 42349 (1971). 

388 R. H. Good and G. Jones, J. Chem. Soc. C, 1938 (1970). 
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The reactions of aryl substituents, which are electrophilic substitutions, 
have been described in Section IV,B. 

2. Hydroxyalkyl and Habalkyl Groups 

Hydroxyalkyl groups can easily be converted into haloalkyl groups 
using thionyl chloride or phosphorus pentabromide. 97 . ,03 ' 389 ■ 390 The halo- 
alkyloxazoles undergo the usual reactions of alkyl halides, the halogen 
atom being replaceable by hydroxy, 121 ' 146 alkoxy, 60 ' 99 ' 308 cyano, 42 ' 103 ' 389 
substituted amino, 31 ' 32 ' 60 ' 85 ' 146 ' 308 ' 389 and mercapto 146 groups. A dichloro- 
methyl group is transformed into an aldehyde on successive treatment 
with sodium methoxide and with aqueous acid. 60 

3. Aldehyde and Ketone Groups 

Several oxazole-4-aldehydes have been described, while only one oxazole- 
2-aldehyde is known so far; 2 ' 4 they are fairly stable to oxidation by air. 
Since the oxazoles are not known to undergo Friedel-Crafts acylation, 
ketone substituents are introduced indirectly into the nucleus, either 
before the ring is formed 40 ' 332 ' 391 or by modification of substituents already 
present. 147 4-Acetyloxazoles are oxidized to the corresponding acids with 
sodium hypobromite. 147 Both oxazolyl aldehydes and ketones form de¬ 
rivatives with hydroxylamine, phenylhydrazine, etc., as expected. 

4. Carboxylic Acid and Ester Groups 

The kinetics and mechanism of the decarboxylation of 5- (p-substituted 
phenyl )-2-oxazolecarboxylic acids in neutral, acidic, and basic media 
have been studied by Tanaka. 392 In quinoline or in dichloroacetic acid as 
a nonaqueous solvent, the reaction shows first-order kinetics. 392 Studies on 
the decarboxylation of oxazolium (and other related azolium) carboxylates 
indicate that both 2- and 5-acids decarboxylate through their zwitterionic 
tautomers. 393 Heating an oxazole-2-carboxylic acid at or above its melting 
point may also result in decarboxylation. 29 ' 394 

Oxazolecarboxylic acids are readily converted into acid chlorides, 302 ’ 395 ' 396 

8,9 A. B. A. Jansen and M. Szelke, J. Chem. Soc., 405 (1961). 

890 U. H. A. Lindberg and P. E. Saeter, French Patent M3008 (1965); Chem. Abstr. 
62, 11818 (1965). 

881 A. Treibs and W. Sutter, Chem. Ber. 84, 96 (1951). 

882 C. Tanaka, Yakugaku Zasshi 85, 193 (1965); Chem. Abstr. 62, 16222 (1965). 

888 P. Haake, L. P. Bausher, and J. P. McNeal, J. Amer. Chem. Soc. 93, 7045 (1971). 

884 K. Shirai and O. Aki, Japanese Patent 18774 (1968); Chem. Abstr. 70, 68343 (1969). 
898 T. P. Sycheva, T. Kh. Trupp, and M. N. Shchukina, Zh. Obshch. Khim. 32, 2882 
(1962); J. Gen. Chem. USSR 32, 2839 (1962). 

888 D. M. O’Mant, British Patent 1,139,940 (1969); Chem. Abstr. 70, 106494 (1969). 
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amides, 61 ' 388 ' 395 ' 397 and esters and hydrazides 27 ' 30 ’ 61 ' 131 ' 397 by usual pro¬ 
cedures. They may also be reduced to alcohols with lithium aluminum 
hydride 103 ' 389 or sodium borohydride 389 ' 396 via either their esters or the acid 
chlorides. 5-Methyl-2-phenyloxazole-4-carboxylic acid has been converted 
by the Rosenmund reduction of the acid chloride into the corresponding 
aldehyde. 302 

Reaction of 2-phenyloxazole-4-carbonyl chloride with diazomethane 
affords the crystalline diazomethyl ketone, which fails to undergo the 
Wolff rearrangement. 389 In general the esters are smoothly hydrolyzed 
by aqueous alkali, but attempts to hydrolyze 5-aminooxazole-4-car- 
boxylates result in disruption of the ring system. 389 The behavior of oxazole- 
4-carboxylic acids has been described in greater detail in “The Chemistry 
of Penicillin”. 2 

5. Acid Amides and Azides 

N-Unsubstituted carboxamides are dehydrated to nitriles on treatment 
with phosphorus pentoxide or phosphoryl chloride. 161 . 338 . 398 . 399 N,N- 
Disubstituted carboxamides on reduction with lithium aluminum hydride 
give the corresponding dialkylaminomethyloxazoles. 389 

Acid azides are obtainable by reaction of the respective hydrazides 
with nitrous acid or of acid chlorides with sodium azide. 302 ' 376 Curtius 
degradation of 2-phenyloxazole-4-carbonyl azide (236) in boiling xylene 


ROCONH 



(230) 


897 E. Marchetti, German Offen. 2,110,363 (1971); Chem. Abstr. 75, 151776 (1971). 

898 T. P. Sycheva, T. Kh. Trupp, and M. N. Shchukina, Zh. Obshch. Khim. 32, 3666 
(1962); J. Gen. Chem. USSR 32, 3597 (1962). 

899 G. O. Chase, U.S. Patent 3,222,374 (1965); Chem. Abstr. 64, 6657 (1966). 
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gives the crystalline isocyanate (237) which offers a convenient route to 
to carbamates (238) and N, N'-disubstituted ureas (239) on reaction with 
alcohols 302 ' 376 ’ 389 and amines, 389 respectively. 


6. Cyanide Groups 

Oxazoles substituted with a cyano group in the 2-, 4-, and 5-positions 
are known; many of these can be reduced to aldehydes by the Stephen 
method 2 and hydrolyzed by alkali to the related amides and carboxylic 
acids. 2-Phenyl-5-aminooxazole-4-carbonitrile on treatment with con¬ 
centrated sulfuric acid forms the crystalline amide (240); further hydroly¬ 
sis, however, is unsuccessful. The corresponding 4-carboxylic esters are 
also stable to hydrolysis. 389 


-Ph 


-Ph 


4-Cyano- or 4-carboxamidooxazoles having acylamino groups at position 
5 can be cyclized to the respective oxazolo[5,4-d]pyrimidine-7-ols in the 
presence of base. 200 ' 389 Thus 241 or 242 gives 243. 



5-Substituted 2-cyanooxazoles react with 3-ethoxypropylmagnesium 
bromide to give the corresponding 2-(4-ethoxybutyryl) oxazoles (244), 
which when heated with 48% hydrobromic acid, followed by treatment 
with acetic anhydride, are cyclized and aromatized to form 2-substituted 
oxazolo[3,2-a]pyridinium bromides (245) in excellent yields. 388 
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7. Nitro Groups 

To our knowledge only one nitrooxazole (166) where a nitro group is 
directly attached to the nucleus appears to have been reported. 104 The 
reduction of nitrophenyl- to aminophenyloxazoles has often been carried 
out either chemically or catalytically, the preferred reagents being stannous 
chloride, 304 tin and hydrochloric acid, 161 ’ 398 sodium sulfide, 304 and hydrogen 
with Raney nickel. 304 ' 310 These reagents indirectly illustrate the stability 
of the oxazoles towards reduction. The aminophenyloxazoles can be 
diazotized; the diazonium salts are fairly stable, and undergo normal 
substitution reactions. 304 

8. Amino Groups 

Oxazoles with a free amino group in position 4 are most probably not 
yet known (but derivatives such as urethanes and ureas are known, e.g., 
238 and 239), whereas the 2-amino- and 5-aminooxazoles are numerous. 
They easily afford acyl 400 and arylsulfonyl 112 ' 401 derivatives, and react 
with isothiocyanates to give the corresponding thioureas. 402 The amino 
substituent in position 2 could not be diazotized, 104 which may be explained 
on the basis of the relatively high positive net charge already present 
at C-2. 228 

The reaction of carbon suboxide with 2-aminooxazoles, which are 

400 G. Crank, British Patent 1,264,258 (1972); Chem. Abstr. 76, 126963 (1972). 

401 G. Griss, E. Kutter, W. Grell, and U. Harding, German Offen. 1,926,558 (1970); 
Chem. Abstr. 74, 42348 (1971). 

402 G. Crank, German Offen. 2,036,193 (1971); Chem. Abstr. 74, 141750 (1971). 
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formally capable of amine-imine tautomerism, leads to the formation of 
coupled heterocyclic systems containing the dioxotetrahydropyrimidine 
ring. 403 Thus, 246 is obtained by passing carbon suboxide into a solution 
of 2-aminooxazole in ether. 



(246) 


5-Aminooxazole-4-carboxamides (142) on refluxing with ethyl ortho¬ 
formate yield the corresponding 5-ethoxymethyleneaminooxazole-4-carb- 
oxamides (247), together with oxazolop), 4-d]pyrimidines (248), formed 
by ring closure. 199 Alternatively, the ethoxymethylene derivatives (247) 
can smoothly be converted into 248 when refluxed with acetic anhydride. 



(247) (248) 


The reaction of 5-ethoxymethyleneamino-4-cyanooxazoles (249) with 
primary amines gives 7-substituted aminooxazolo[5,4-d]pyrimidines 

(250) ; when an excess of amine was used, substituted hypoxanthines 

(251) were the products. 404 



R' 


(249) (250) (251) 

Under normal conditions, aminooxazoles do not exhibit amine-imine 
tautomerism. 2-Aminooxazoles have been found to be largely in the 

408 L. B. Dashkevich and E. S. Korbelainen, Zh. Obahch. Khim. 34, 3427 (1964); J. Gen. 
Chem. USSR 34, 3470 (1964). 

406 Y. Otsuka, Japanese Patent 21,434 (1972); Chem. Abstr. 77, 101,650 (1972). 
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primary amino form by comparison of their ultraviolet absorption spectra 
with those of appropriately blocked derivatives. 316 A recent SCF-MO 
study of the tautomerism of 2-anilinooxazole also shows that the amino 
form predominates. 405 Likewise, both infrared and NMR spectroscopic 
data confirm the primary amino structure of 5-aminooxazoIes. 201 

9. Hydroxyl and Mercapto Groups 

Hydroxyoxazoles are known to exist predominantly in the keto form 
and are commonly called oxazolones, or (preferably) oxazolinones. Existing 
experimental evidence, particularly from ultraviolet and infrared spec¬ 
troscopy, confirms this. Since the literature on the chemistry of oxa¬ 
zolinones is extensive, comprehensive coverage would be beyond the scope 
of the present review. For further information, the reader is referred to the 
works of Lur’e and Chaman, 406 and of Filler. 407 

Mercaptooxazoles resemble the hydroxy compounds in that they exist 
predominantly in the tautomeric thione form. The position of the thione- 
thiol equilibrium has been studied by Kjellin and Sandstrom, 245 and 
tautomeric ratios in the range (10 5 -10 8 ):1 have been obtained. Methods 
of preparation of oxazolin-2-thiones and their N- and S-alkyl derivatives 
have been described. 408-414 Isomerization of iS-alkyl to A-alkyl compounds 
can be achieved when the former are heated with mercuric bromide in 
toluene. 412 

10. Halo Groups 

The formation and some displacement reactions of halooxazoles have 
been discussed earlier in this review (Sections IV, B and C). Catalytic 
hydrogenation of halooxazoles gives the corresponding oxazole; simul¬ 
taneous side-chain dehalogenation may also occur. 60 ’ 171 

608 N. Bodor, I. Schwartz, and N. Trinajstic, Z. Naturforsch. B 26, 400 (1971). 

406 S. I. Lur’e and E. S. Chaman, Reakts. Metody Issled. Org. Soedin. 9, 155 (1959). 

407 R. Filler, Advan. Heterocycl. Chem. 4, 75-106 (1965). 

408 F. Weygand, H. J. Bestmann, and F. Steden, Chem. Ber. 91, 2537 (1958). 

409 J. Willems and A. Vandenberghe, Bull. Soc. Chim. Belg. 69, 517 (1960). 

410 E. D. Sych and Zh. N. Belaya, Zh. Obshch. Khim. 33, 1507 (1963); J. Gen. Chem. 
USSR 33, 1471 (1963). 

411 G. Kjellin and J. Sandstrom, Acta Chem. Scand. 23, 2879 (1969). 

419 P. Nuhn and G. Wagner, Arch. Pharm. (Weinheim ) 301, 186 (1968). 

413 E. D. Sych, Zh. N. Belaya, and O. V. Moreiko, Khim. Geterotsikl. Soedin., Sb. 2: 
Kislorodsodenhashchie Geterotsikly, 282 (1970); Chem. Abstr. 76, 140606 (1972). 

414 G. Lacasse and J. M. Muchowski, Can. J. Chem. 50, 3082 (1972). 
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I. Rearrangements 

It has been reported 2 - 61 that 2-substituted 5-ethoxyoxazole-4-carboxylic 
acids on treatment with phosphorus pentachloride give the corresponding 
acid chlorides (252), which rearrange spontaneously or on heating to 
the 5-chlorooxazole-4-carboxylates (253). 


HOOC CIOC EtOOC 



(2S2) (253) 

In general, oxazole derivatives of the type 254 (when X = H, Y = OH 
or Cl; when X = Cl or NH 2 , Y = OEt) rearrange on heating to 255 
through ring-opening and recyclization in the alternative manner. 2 Thus, 
the isomerization of 4-(a-hydroxyalkylidene)oxazole-5-ones to oxazole-4- 
carboxylic acids may be regarded as a special case of this rearrangement 
(Section II,P). 



(254) (255) 

where R = alkyl or aryl 

Pines and Sletzinger 415 - 416 have found that the rearrangement of 2,4- 
disubstituted 5-acyloxyoxazoles occurs on heating in the presence of 
pyridine, yielding 4-acyl-2-oxazolin-5-one derivatives (256). 



(256) 


In another investigation, 5-acyloxyoxazoles (257) were found to re¬ 
arrange to 2- and 4-acyl-5-oxazolinones (259 and 260). 417 The reaction 
in the presence of 4-dimethyIaminopyridine proceeds 20,000 times faster 

418 S. H. Pines and M. Sletzinger, Tetrahedron Lett., 727 (1969). 

418 S. H. Pines and M. Sletzinger, U.S. Patent 3,676,453 (1972); Chem. Abstr. 77, 101565 
(1972). 

417 W. Steglich and G. Hoefle, Tetrahedron Lett., 4727 (1970). 
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than with pyridine, when it was suggested to occur through the ion pair 
(258). 



V. Oxazole A-Oxides 

The synthesis of oxazole A-oxides from a-hydroxyimino ketones and 
aldehydes, and their reductive conversion into oxazoles has already been 
described (Section II, K). Attempted A-oxidation of 2,5-diphenyloxazole 
with hydrogen peroxide in acetic acid failed; it led to ring-opening. 418 
Oxazole A-oxides show a strong absorption band around 1240 cm -1 in 
their infrared spectra, indicative of an aromatic A-oxide group. 419 Recently, 
NMR data for several oxazole A-oxides have been reported. 148 

A 4-methyl group in 2-aryloxazole A-oxides (261) is subject to easy 
nucleophilic attack in reactions with phosphorus oxychloride and acetic 



(263) (264) 

419 V. N. Kerr, D. G. Ott and F. N. Hayes, J. Amer. Chem. Soc. 82, 186 (1960). 
419 Y. Goto, M. Yamazaki, and M. Hamana, Chem. Pharm. Bull. 19, 2050 (1971). 
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anhydride, while a 5-methyl group is inert. 419 Treatment of oxazole iV-oxides 
with phosphorus trichloride in chloroform gives both the normal de- 
oxygenated product and the 4-chloromethyloxazole (e.g., 262). 146 ' 419 

The formation of Reissert compounds (263) of oxazole IV-oxides (reac¬ 
tion with potassium cyanide and benzoyl chloride) have been reported. 420 



Ph 

(265) 

The structure of the product obtained by Diels and Riley 143 from the 
reaction of oxazole iV-oxide and phenyl isocyanate, and reformulated 
by Cornforth and Cornforth 160 as the imidazole 3-oxide structure 264, 
has recently been questioned by Japanese workers. 421 Investigations by 



Ph 

Scheme 14 


620 Y. Goto and M. Yamazaki, Chem. Pharrn. Bull. 18, 756 (1970). 

621 Y. Goto, N. Honjo, and M. Yamazaki, Chem. Pharm. Bull. 18, 2000 (1970). 
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NMR and mass spectroscopy indicate that it is 5-hydroxy-4-methylene- 
4,5-dihydroimidazole (265). 

The formation of 265, R = CH 3 , is rationalized as the addition of 
the C==N of phenyl isocyanate across the formal nitrone function of the 
oxazole iV-oxide (261), followed by opening of the oxazole ring, decarboxy¬ 
lation, and recyclization (Scheme 14). 421 


VI. Naturally Occurring Oxazoles 

Some fluorescent alkaloids containing the oxazole nucleus have been 
isolated from certain species of Gramineae and Rutaceae. Annuloline 
(266), obtained from the roots of Lolium multiflorum, an annual rye 
grass, 422 ' 423 and V-methylhalfordinium chloride (267) and halfordinol 
(48) from the bark of Halfordia scleroxyla iU are the first representative 
members of this group of alkaloids. Two short reviews 425 ' 426 concerning 
the occurrence of annuloline in Lolium and its fluorescence are noteworthy. 



(267) 

The mold metabolite, pimprinine (268), obtained from Streptomyces 
pimprina, is another naturally occurring oxazole. 427 

422 R. S. Karimoto, Ph.D. Thesis, Purdue University (1962); Diss. Abstr. 23, 2311 (1963). 

423 R. S. Karimoto, B. Axelrod, J. Wolinsky, and E. D. Schall, Tetrahedron Lett., 83 
(1962); Phytochemistry 3, 349 (1964). 

424 W. D. Crow and J. H. Hodgkin, Tetrahedron Lett., 85 (1963); Aust. J. Chem. 17, 119 
(1964). 

423 W. Nitzsche, Saatgut-Wirt. 18(12), 409-410 (1966); Chem. Abstr. 67, 88258 (1967). 

423 H. H. Schmidt, Landwirt. Forsch. 20(1), 40-56 (1967); Chem. Abstr. 68, 18813 (1968). 
422 B. S. Joshi, W. I. Taylor, B. S. Bhate, and S. S. Karmarkar, Tetrahedron 19, 1437 
(1963). 
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I. Introduction and Nomenclature 

Amine A r -imines are derived formally from tertiary amines by replacing 
the free pair of electrons by an imino group. Aliphatic, aromatic, or hetero¬ 
aromatic compounds are obtained according to the nature of the amine. 
Heteroaromatic JV-imines are derived from heterocyclic compounds con¬ 
taining an azomethine nitrogen atom in the molecule. 


213 
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The iV-imines are members of the isoelectronic and isosteric series: 
iV-oxides, iV-imines, and A'-ylids (formulas 1 - 3 ). Whereas the AT-ox¬ 
ides 1 2 and the A'-ylids 3-5 have been reviewed several times, a detailed re¬ 
view of A'-imines 1 2 * * * 6 was published only recently; see also a brief summary 
in Sisler et al. 7 Thus information is sparse for the amine A r -imines, in con¬ 
trast with the other members of the isosteric series. 

RgN—O* RjN—NR RjN—CR, 

(1) (2) (3) 

The number of papers published on A r -imines is relatively small. Effi¬ 
cient methods of preparation were not discovered until recently, and only 
since 1965 has the study of the N-imines been pursued to any extent. 
Nevertheless, A r -imines have been known hitherto only as derivatives of 
pyridines, quinolines, isoquinolines, benzocinnolines, p-triazoles, s-tria- 
zoles, and thiazoles. A r -Imines can be classified not only by the hetero¬ 
cyclic nucleus but also according to the substituent at the exocyclic imino 
group. Unsubstituted N-imines ( 4 ), N-ary limincs ( 5 ), N-acylimines ( 6 ), 
N-carbamoylimines and A'-thiocarbamoyliminos (7), A r -sulfonylimines 
( 8 ), N-nitroimines ( 9 ), and N-cyanoimines ( 10 ) have all been synthesized. 


'NH 


W' S N 

NAr *N—COR ~N— CONHR 


(4) (5) 


(6) (7) 


"N—SO s Ar "N—NOj 

(8) (9) 


The present review summarizes work published up to December 1971. 
Unfortunately, several nomenclatures are used in the literature for the 


1 E. Ochiai, “Aromatic N-Oxides.” Elsevier, Amsterdam, 1967. 

2 A. R. Katritzky and J. M. Lagowski, “Heteroaromatic N-Oxides.” Academic Press, 
New York, 1970. 

8 A. W. Johnson, “Ylid Chemistry.” Academic Press, New York, 1966. 

* W. K. Musker, Fortschr. Chem. Forsch. 14, 295 (1970). 

8 P. A. Love, Chem. Ind. {London), 1070 (1970). 

8 H.-J. Timpe, Z. Chem. 12, 250 (1972). 

7 H. H. Sisler, G. M. Omietanski, and B. Rudner, Chem. Rev. 57, 1021 (1957). 
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class of compounds we designate as amine A-imines: thus, the following 
versions are found for the A-imine (11): pyridine 1- (or A-) acetylimide, 
1-acetyliminopyridinium ylid, A-acetyliminopyridinium betaine, A-acetyl- 
iminopyridine, and 1-acetylaminopyridinium hydroxide inner salt. In 
this review, the A-imine nomenclature will be used uniformly. This has 
advantages: (1) it expresses the isoelectronic relationship to the A-oxides; 
(2) the imine nomenclature is already in general use for the azomethinc 
imine system which is the parent structural element of this class of com¬ 
pound. 


II. General Syntheses of Heteroaromatic A-Imines 

General methods of preparation of heteroaromatic A-imines are begin¬ 
ning to be recognized, but they have not yet been widely applied. In addi¬ 
tion, several special methods exist which have been used only for one 
specific heterocycle. Given this situation, the methods of preparation 
are classified in this chapter according to the parent heterocycle. The 
four most general methods of preparation are discussed in detail under 
the pyridine A-imincs since this is where the experimental material is 
most extensive. 


A. Pyridine A-Imines 
1. Preparation from Quaternary Pyridinium Salts 

A common method of preparation of heteroaromatic A-imines is the 
deprotonation of the corresponding A-aminoimmonium salts ( 12 ). Most 
of the pyridine A-imines synthesized have been obtained by this method. 
The strength of base necessary for deprotonation depends on the substit¬ 
uent R in the salts (12) (see Section III,F). For instance, dilute aqueous 
alkali is sufficient for A-acyl-, A r -sulfonyl-, and A-carbamoylimines, but 
concentrated alkali must be used for unsubstituted A-imines. Unsub¬ 
stituted pyridine A-imines have only been detected by spectroscopic 
methods in solution (see Section III,B, and III,D). 

^ x- - ° H - ^ 

NHR H + 'NR 

(12) 


A-Aminopyridinium salts (14) can be prepared in various ways. A 
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very efficient method, described by Gosl and Meuwsen, 8 ' 9 utilizes aqueous 
solutions of pyridines (13) and hydroxylamine-O-sulfonic acid to give 
the quaternary salts (14) in satisfactory yield. From these salts, other 
salts can be obtained by anion exchange. The amination reaction fails 9a 
with some substituted pyridines (e.g., 3- and 4-ethoxycarbonylpyridine) 
but is nevertheless of wide applicability. 10-19 



The amination of pyridines to iV-amino quaternary salts (14) has not 
yet succeeded with chloramine, which is another typical reagent for ami- 
nations. However, amination of pyridones has been described, as in Eq. 
( I ). 90 .’ 1 



A-Aminopyridinium salts (14) have been acylated with acid chlorides 
and anhydrides, and sulfonated with sulfonyl chlorides. 10 • I3 . 14 ’ 17 22 Sul- 

8 R. Gosl and A. Meuwsen, Chem. Ber. 92 , 2521 (1959); Angew. Chem. 69 , 754 (1957). 
* R. Gosl and A. Meuwsen, Org. Syn. 43, 1 (1963). 

»° M. H. Palmer and P. S. McIntyre, Tetrahedron Lett., 2147 (1968). 

10 T. Okamoto, M. Hirobe, Y. Tamai, and E. Yabe, Chem. Pharm. Bull. 14, 506 (1966). 

11 T. Okamoto, M. Hirobe, and A. Ohsawa, J. Pharm. Bull. Jap. 14, 518 (1966). 

12 T. Okamoto, M. Hirobe, C. Mizushima, and A. Ohsawa, J. Pharm. Soc. Jap. 
{.Yakugaku Zasshi) 83, 308 (1963). 

18 T. Okamoto, M. Hirobe, and, E. Yabe, Chem. Pharm. Bull. 14, 523 (1966). 

14 K. T. Potts, H. R. Burton, and J. Bhattacharyya, J. Org. Chem. 31, 260 (1966). 

18 J. E. Downes, J. Chem. Soc. C, 2192 (1967). 

18 V. Cullum, J. B. Farmer, and B. L. Hardley, J. Pharmacol. Chemother. 31, 435 (1967). 

17 J. Epsztajn, E. Lunt, and A. R. Katritzky, Tetrahedron 26, 1665 (1970). 

18 T. Sasaki, K. Kanematsu, A. Kakehi, I. Ichikawa, and K. Hayakawa, J. Org. Chem. 
35, 426 (1970). 

19 Balasubramanian, J. M. McIntosh, and V. Snieckus, J. Org. Chem. 35, 433 (1970). 

20 K. Hoegerle, Helv. Chim. Acta 41, 539 (1958). 

21 C. W. Rees and M. Yelland, J. Chem. Soc. Perkin Trans. /, 77 (1972). 

22 J. A. Moore and J. Binkert, J. Amer. Chem. Soc. 81, 6045 (1959). 
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fonation and acylation can occur with aliphatic as well as with aromatic 
acid derivatives [Eqs. (2),(3)]. 


U or - (2) 

N - (RCO) 2 0 N 


( 3 ) 


Substitution reactions on the amino group of the salts have also been 
described with /3-chlorovinyl ketones 23 ' 24 [Eq. (4)]. 



A r -(2,4-Dinitrophenyl)pyridinium chlorides (“Zincke salts” 10 ’ 25 ' 26 ; 15) 
are starting materials for another preparation of N -aminopyridinium 
salts. Zincke salts react with hydrazines, aryl hydrazines, acyl hydrazines, 
and semicarbazides to form 5-(2,4-dinitroanilino)-2,4-pentadienal hydra- 
zones and semicarbazones, respectively, by ring-opening. 17 25 ' 27-32 The 
recyclization of these compounds (16) with molar quantities of acids 
yields the quaternary salts 17 and 2,4-dinitroaniline. 


23 Y. Tamura, N. Tsujimoto, and M. Ikeda, J. Chem. Soc. D, 310 (1971). 

24 Y. Tamura, N. Tsujimoto, Y. Sumida, and M. Ikeda, Tetrahedron 28, 21 (1972). 

28 T. Zincke, G. Heuser, and W. Moller, Ann. 333, 296 (1904). 

26 A. F. Vompe and N. F. Turitsyana, Zh. Obshch. Khim. 27, 3282 (1957); Chem. Abstr. 
52, 9112 (1958). 

27 S. F. Dufton, J. Chem. Soc. 61, 785 (1892). 

23 W. H. Perkin and R. Robinson, J. Chem. Soc. 103, 1978 (1913). 

23 H. Beyer, K. Leverenz, and H. Schilling, Angew. Chem. 73, 272 (1961). 

30 H. Beyer and E. Thieme, J. Prakt. Chem. [4], 31, 293 (1966). 

31 Y. Tamura and N. Tsujimoto, Chem. Ind. {London), 926 (1970). 

32 Y. Tamura, N. Tsujimoto, and M. Mano, Chem. Pharm. Bull. 19, 130 (1971). 
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Hydrazine derivatives also open the ring of pyrylium salts ( 18 ) to form 
open-chain products ( 19 ) which undergo recyclization. The applicability 
of this method of synthesis is strictly limited as only polyaryl pyrylium 
salts react smoothly. Of possible hydrazine derivatives, only alkyl or aryl 
hydrazines were used. 33-41 

Lempert et al . i2 described the reaction of benzenesulfonyl hydrazide 
with pyrylium salts to give pyrazolins which on heating with perchloric 
acid are converted into 1-benzenesulfonylaminopyridinium salts. 


At 



NHR 


13 W. Schneider and P. Seebach, Chem. Ber. 54, 2285 (1921). 

34 W. Schneider, Ann. 438, 115 (1924). 

35 W. Schneider and W. Muller, Ann. 438, 147 (1924). 

38 W. Schneider and W. Riedel, Chem. Ber. 74, 1252 (1941). 

37 W. Schneider and K. Weiss, Chem. Ber. 61, 2445 (1928). 

33 K. Dimroth, G. Arnoldy, S. von Eicken, and G. Schiffer, Ann. 604, 221 (1957). 

39 A. T. Balaban, P. T. Frangopol, G. Mateescu, and C. D. Nenitzescu, Bull. Soc. Chim. 
Fr., 298 (1962). 

40 A. T. Balaban, Tetrahedron 24, 5059 (1968). 

41 C. L. Pedersen, N. Harrit, and O. Buchardt, Acta Chem. Scand. 24, 3435 (1970). 

63 K. Lempert, Acta Chim. Sci. Hung. 65, 443 (1970). 
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Analogous to the pyrylium salts, a-pyrones are also ring-opened by 
hydrazine derivatives. 42 *' 43 Recyclization of the products (20) leads to 
A-aminopyridones (21). 



(20) (21) 


A-Aminopyridinium salts (14), and their derivatives substituted at 
the exocyclic amino group, can also be prepared by rearrangement reac¬ 
tions. Thus, the diazepinone 22 and diazepinium betaine 23 are converted 
into the A-amino salts (26) by concentrated acids. 44-47 This rearrangement 



(27) 


«“ I. El-S. El-Kholy, F. K. Rafla, and G. Soliman, J. Chem. Soc., 4490 (1961). 
«I. El-S. El-Kholy and F. K. Rafla, J. Chem. Soc. C, 974 (1969). 

44 J. A. Moore, J. Amer. Chem. Soc. 77, 3417 (1955). 

48 J. A. Moore and J. Binkert, J. Amer. Chem. Soc. 81, 6029 (1959). 

48 J. A. Moore, Tram. N. Y. Acad. Sci. 27, 591 (1965). 

47 J. A. Moore and G. Pleiss, J. Amer. Chem. Soc. 90, 4738 (1968). 
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involves initial formation of the cation 24, which gives the quaternary 
salt 26 via the bicyclic system 25 (see Section III,A,3). This mechanism 
is supported by the fact that the bicyclo[4,1,0] ketone 27 rearranges 
very rapidly in methanolic HC1 to the A-methylaminopyridinium chloride 
(26; R = Me, X = Cl). 47 

Under similar conditions 7-methoxy-l-acyl-l ,2,3,7-tetrahydrodiazepin- 
4-one (28), the corresponding 1-tosyl compound, and the bicyclic ketones 
(29) also yield the quaternary salts (26). 48 ' 49 



2. Preparation from Azides and Pyridines 

Nitrenes undergo addition reactions to neutral nucleophiles. 50 ’ 51 Accord¬ 
ingly, they add to the nitrogen atom of pyridines, forming N- imines. This 
method of preparation was described first by Curtius et a/. 52-55 They 
heated aromatic sulfonyl azides in pyridine and obtained various A'-sul- 
fonylimines [Eq. (5) J the structures of which were not at that time recog¬ 
nized. They formulated sulfonyl nitrenes as intermediates in this reaction. 


ArS0 2 N 8 —ArSO a N: 


T 

N— S0 2 Ar 


( 5 ) 


Since then, the thermolysis or photolysis of azides in the presence 
of pyridines has been developed into a widely applicable synthesis of N- 
imines, albeit in most cases in small yields (5-30%). Numerous sulfonyl 


41 J. A. Moore, F. J. Marascia, R. W. Medeiros, and R. L. Wineholt, J. Org. Chem. 
31, 34 (1966). 

41 J. A. Moore, E. V. Volker, and C. M. Kopay, J. Org. Chem. 36, 2676 (1971). 

50 W. Lwowski, “Nitrenes.” Wiley (Intersciences), New York, 1970. 

“ S. Hiinig, lielv. Chim. Acta 54, 1721 (1971). 

" T. Curtius and J. Rissom, J. Prakt. Chem. [2] 125, 311 (1930). 

58 T. Curtius and G. Kraemer, J. Prakt. Chem. [2] 125, 323 (1930). 

54 T. Curtius and K. Vorbach, J. Prakt. Chem. [2] 125, 340 (1930). 

“ T. Curtius and H. Bottler, J. Prakt. Chem. [2] 125, 380 (1930). 
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azides, 10 ' 56-61 acyl azides, 19 ' 69 ' 61 and cyano azides 62 ' 63 can be used as genera¬ 
tors of nitrene. It has since been proved unequivocally that the formation 
of the A-imines according to Eq. (5) does involve nitrones. Abramovitch 
and Takaya 64 isolated 3-benzenesulfonamido-2,6-lutidine (30) on ther¬ 
molysis of benzenesulfonyl azide in 2,6-lutidine. This indicates the occur¬ 
rence of free benzenesulfonyl nitrene. 



-N-SO a Ph (30) 

3. Preparation by Rearrangement Reactions 

Pyridine A-imines are stabilized by mesomerism (see Section III,A). 
Less stable compounds often rearrange to pyridine A-imines, as already 
discussed in Section II,A,1. 

Further compounds capable of rearrangement are the diazepines 31, 
32, 65 34, 35 and 36 and the bicyclic derivatives 37-39. 66 At 170° they give 
pyridine A-imines in 60-80% yield, except for the diazepines 32 and 34. 
Varying amounts of substituted pyridines are also isolated as thermolysis 
products, generated from the A-imines by cleavage of the N-N bonds 
(see Section IV,C). 

The valence tautomeric diaziridines 33 are formulated as intermediates 
in these rearrangement reactions. At normal temperatures, the equilibrium 
diazepine ^ diaziridine is exclusively on the side of the diazepine. Thermal 
rearrangement of pyridine A-imines to diaziridines or diazepines has not 
yet succeeded; 67 such reactions are accessible by irradiation (see Section 
IV, F). These reactions are not controlled exclusively by orbital symmetry. 
The Hoffmann-Woodward rules 68 allow both thermal and photochemical 


86 J. N. Ashley, G. L. Buchanan, and A. P. T. Easson, J. Chem. Soc., 60 (1947). 

87 G. L. Buchanan and R. M. Levine, J. Chem. Soc., 2248 (1950). 

88 K. Hafner, D. Zinser, and K.-L. Moritz, Tetrahedron Lett., 1733 (1964). 

88 P. K. Datta, J. Indian Chem. Soc. 24, 109 (1947). 

80 R. A. Abramovitch and B. A. Davis, Chem. Rev. 64, 149 (1964). 

81 T. J. Prosser, A. F. Marcantonio, and D. S. Breslow, Tetrahedron Lett., 2779 (1964), 

82 F. D. Marsh, U. S. Patent 3,624,256 1971. 

83 Cited in 80 Lwowski, p. 279. 

64 R. A. Abramovitch and T. Takaya, J. Org. Chem. 37, 2022 (1972). 

68 J. Streith and J.-M. Cassal, Bull. Soc. Chim. Fr., 2175 (1969). 

88 G. Kan, M. T. Thomas, and V. Snieckus, J. Chem. Soc. D., 1022 (1971). 

87 J. Streith, J. P. Luttringer, and M. Nastasi, J. Org. Chem. 36, 2962 (1971). 

88 R. Hoffmann and R. B. Woodward, Accounts Chem. Res. 1, 17 (1968). 
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(31) R = PhCO (33) 

(32) R = COOEt 


Ph Ph 



(34) R = CH 3 (37) 

(35) R = COOEt (38) 

(36) R = COCH, (39) 


intramolecular cyelization and opening of the three-membered rings, 
and hence thermodynamic parameters decide the reaction direction. 


4- Preparation from Other N-imines 

The imino group of the A-imines is a nucleophilic reaction center (see 
Section IV,A). Some of the substitution reactions at this reaction center 
lead to other A'-imines. 

In this way, pyridine V-sulfonyl- and V-acylimines can be nitrated at 
the imino group in acetic acid-acetic anhydride. 17 Intermediates of type 



R = Ac, ArSOj (40) 



'ir no 3 - 

NHj 


Scheme 
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40 are formed from which the sulfonyl or acyl group is cleaved to yield 
pyridine jV-nitroimines. The same products are also formed from iV-amino- 
pyridinium nitrates and acetic anhydride 69 (Scheme 1). 

With pyridine JV-imine, 2,4-dinitrofluorobenzene gives pyridine iV-2,4- 
dinitrophenylimine. 70 ' 71 Other polynitro aromatics react analogously. 
Since it is not possible to isolate the pyridine iV-imine it is prepared in situ 
from iV-aminopyridinium salts and sodium ethoxide [Eq. (6)]. 


( 6 ) 


B. Quinoline ./V-Imines 

Few quinoline iV-imines have been synthesized, and these exclusively 
by the deprotonation of iV-aminoquinolinium salts which can be obtained 
from hydroxylamine-O-sulfonic acid and quinoline. 72 These salts can be 


NH s OSO g H 


HI 

NaOH 


HO' I In DMF 



(42) 


(41) 


99 J. Epsztajn and A. R. Katritzky, Tetrahedron Lett., 4739 (1969). 

70 T. Okamoto, H. Horikiri, S. Hayashi, and M. Hirobe, Yakugaku Zasshi 91, 210 
(1971); Chem. Abstr. 74, 99818k (1971). 

71 T. Okamoto, H. Horikiri, S. Hayashi, and M. Hirobe, Yakugaku Zasshi 91, 216 (1971); 
Chem. Abstr. 74, 99819m (1971). 

79 T. Okamoto, M. Hirobe, and T. Yamazaki, Chem. Pharm. Bull. 14, 512 (1966). 
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acylated 72 ' 73 and sulfonated 74 at the amino group. Deprotonation of V- 
acylamino and V-sulfonylamino salts by aqueous alkali gives stable 
quinoline V-imines, 42 but the simple salts give only the hexahydrotetra- 
zine derivatives (41), 72 derived by dimerization of intermediate unsub¬ 
stituted quinoline V-imincs (see Section IV,E). 


C. IsOQUINOLINE V-lMINES 

Isoquinoline V-imines also have been made only by deprotonation of 
V-aminoisoquinolinium salts. Just as for the corresponding pyridinium 
derivatives (see Section II,A,1), the salts 43 can be produced by amination 
of isoquinoline with hydroxylamine-O-sulfonic acid 75 or from V-(2,4-di- 
nitrophenyl) isoquinolinium chloride (44). 30 31 76 ' 77 Substituted quaternary 
amino salts (46) are obtained by cyclization of 2-(2,4-dinitroanilino)-o- 
styrylaldehyde hydrazones (45) with ethanolic hydrochloric acid, and 
deprotonation to V-imines is easily effected by alkali. On liberation from 
the salts by alkali, unsubstituted isoquinoline V-imines dimerize to give 




Scheme 2 


73 Y. Tamura, H. Ishibashi, N. Tsujimoto, and M. Ikeda, Chem. Pharm. Bull. 19 , 1285 
(1971). 

74 T. Shiba, K. Yamane, and H. Kato, J. Chem. Soc. D, 1592 (1970). 

73 R. Huisgen, R. Grashey, and R. Krischke, Tetrahedron Lett., 387 (1962). 

73 Y. Tamura, N. Tsujimoto, and M. Uchimura, Chem. Pharm. Bull. 19, 143 (1971). 

77 T. Zincke and G. Weisspfenning, Ann. 396 , 103 (1913). 
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the hexahydrotetrazine derivatives 47, 75 76 from which it can be recovered 
by heating. 


D. Benzocinnoline A-Imines 

Two syntheses of benzocinnoline N -imines have been described re¬ 
cently. 78 They can be prepared from benzocinnoline and hydroxy lamine- 
O-sulfonic acid or by diazotization of 2,2'-diaminobiphenyl with pentyl 
nitrite or iV-nitrosodiphenylamine. Diazotization of the diamine pre¬ 
sumably proceeds via the triazepine 48, which is isomeric with unsubsti¬ 
tuted benzocinnoline iV-imine. Benzocinnoline iV-imine itself, the only 
unsubstituted iV-imine so far isolated, was prepared from benzocinnoline 
and hydroxylamine-O-sulfonic acid. Under similar conditions, quaternary 
iV-amino salts were isolated from the other iV-heterocyclos. The unsub¬ 
stituted JV-imine can be converted easily into the acyl, sulfonyl, and 
2,4-dinitrophenyl derivatives (Scheme 3). 



(48) R = COR'.SOjAr, 

c 6 h 8 (no 2 ) 2 

Scheme 3 


By analogy with the pyridine iV-imines (Section II,A,3) the interme¬ 
diate 49 can be assumed for the valence tautomerization A r -imine ^ 
triazene. The equilibria of Scheme 4 are demonstrated by the formation 
of carbazoles in the thermal decomposition of benzocinnoline A r -imines. 

’ 8 S. F. Gait, C. W. Rees, and R. C. Storr, J. Chem. Soc. D., 1545 (1971). 
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(49) 

Scheme 4 


E. 1,2,4-Triazole A-Imines 

The A-imines of s-triazoles have been investigated the most thoroughly 
of all the heterocyclic five-membered rings. All 1,2,4-triazole-A-imines 
prepared contain the A-imino group in the 4-position of the triazole ring. 

4-Amino-1,2,4-triazoles ( 50 ) or their derivatives are usually starting 
material for the synthesis. They are readily available and already contain 
the exocyclic N-N bond required for heteroaromatic A-imines. 4-Amino- 
1,2,4-triazoles can be quaternized by alkyl halides or tosylates at the N-l 
atom to give the salt 52 . 79-82 (Scheme 5) The orientation of quaternization 
is proved by the reactions in Scheme 6 for the example of the quaternary 
acylamino salts 52 . Quaternary salts of the type 52 can also be prepared 
by reaction of 1,3,4-oxadiazolium salts ( 51 ) 83 with aryl hydrazines 84 and 
from aryl hydrazine hydrohalides and orthoesters. 85 With alkali, the 
l-alkyl-s-triazole-4-imines 80- 82 ’ 86 can be obtained in the normal manner 
from these salts (Scheme 5). The free A-imines are all stable except the 
A-unsubstituted compound itself. 87 Recently, other structures were 
tentatively reported 88 for the deprotonation products of analogous quater¬ 
nary salts ( 52 ) with hydrazine. 


79 H. G. O. Becker, H. Bdttcher, T. Rothling, and H.-J. Timpe, TFiss. Z. Tech. Hoch- 
achule Chem. “Carl Schorlemmer” Leuna-Merseburg 8, 22 (1966). 

«» H. G. O. Becker, N. Sauder, and H.-J. Timpe, J. Prakt. Chem. 311, 897 (1969). 

91 H. G. O. Becker and H.-J. Timpe, J. Prakt. Chem. 312, 1112 (1970). 

92 H. G. O. Becker, K. Heimburger, and H.-J. Timpe, J. Prakt. Chem. 313, 795 (1971). 
99 G. V. Boyd and S. R. Dando, J. Chem. Soc. C, 1397 (1970). 

M G. V. Boyd and A. J. H. Summers, J. Chem. Soc. C, 409 (1971). 

99 C. Runti and C. Nisi, J. Med. Chem. 7, 814 (1964). 

99 G. V. Boyd and A. J. H. Summers, J. Chem. Soc. B, 1648 (1971). 

97 H.-J. Timpe, unpublished results, see Promotion-B-Thesis, TH Chemie, Merseburg, 
1972. 

99 O. P. Shvaika and W. I. Fomenko, Dokl. Akad. Nauk SSSR 200, 134 (1971). 
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NH 2 
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U + '- 


■ v 

NHCOR' 
Scheme 6 


1-Alkyl-1,2,4-triazole 4-imines can be also prepared from azides and 
1-alkyl-1,2,4-triazoles. 87 For instance, the A-imine 53 is produced when 
acetyl azide, which under these conditions gives acetyl nitrene, 89 is irradi¬ 
ated in the presence of 1-benzyl-s-triazole. 


^CH 2 Ph 

N-N 

|l^ j + CH 3 CON s 


hv N- 

CH 2 CI 2 

"n-coch 3 

(M) 


By analogy with the pyridine A-nitroimines (see Section II,A,4), 


** R. Huisgen and J. P. Anselme, Chem. Ber. 98, 2998 (1965). 
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1-alkyl-s-triazole 4-nitroimines can be prepared by nitration of the corre¬ 
sponding iV-acyl- or N-sulfonylimines. 90 Practical yields of nitroimines, 
however, are obtained only from the sulfonyl compounds, as iV-acylimines 
also yield a considerable amount of protonation and cleavage products 
of the N-N bond [Eq. (7)]. 

n—n- R hno 3 _ n— 

+ J Ac z O/HOAc *" II +J 

"N. "Nv 

V R' NO a 

R' = Acyl, ArSO a 

F. 1,2,3-Triazole A'-Imines 

Numerous w-triazole N-imines are described in the literature. However, 
in the majority of cases either their structures are disputed, or they are 
merely reaction intermediates. The methods of preparation used hitherto 
for 1,2,3-triazole N-imines differ markedly from the common methods 
used for the other N-imines. For cyclic compounds containing the 1,2,3- 
triazole N-imine structure, see Carboni and Castle 91 and Pfleger et a/. 92 

Stable N- cyano- and sulfonylimines arise from o-arylazo diazonium salts 


* W + (7) 

HNR' N °»‘ H NO -‘ 



(54) 

CN‘ 

ArSO a " 



‘NX 


(35) X = CN (57) 

(56) X = SOjAr 


»»H.-J. Timpe, Z. Chem. 11, 340 (1971). 

91 R. A. Carboni and J. E. Castle, J. Amer. Chem. Soc. 84, 2453 (1962). 

92 R. Pfleger, E. Garthe, and K. Rauer, Chem. Ber. 96, 1827 (1963). 
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(54) and alkali cyanides or arylsulfinates, respectively. The reaction pro¬ 
ceeds via the bis azo compounds 55 and 56, which cyclize to form the more 
stable 1,2,3-triazole V-imincs. 93 

Other bis azo compounds give w-triazole iV-imines as intermediates. Thus, 
photolysis of sydnones (58) 94-97 and of 2,5-disubstituted tetrazoles 98 ’ 99 
gives «-triazoles (62). These reactions probably involve the primary 
formation of nitrilimines (60) which dimerize to the bis azoethylene 
derivatives (61) which in turn cyclize to form the r-triazole W-imines. 
These, under the reaction conditions, cleave at the exocyclic N-N bond 
(see Section IV,F). 




(62) (63) 


This reaction mechanism is supported by the photolysis of the tetrazoles 
(59) in the presence of dipolarophiles, to yield products proving the 
occurrence of nitrilimines (60). 100 • I01 Bis diazoethylene derivatives, which 

99 H. Bauer, G. R. Bedford, and A. R. Katritzky, J. Chem. Soc., 751 (1964). 

94 A. Chinone, Y. Huseya, and M. Ohta, Bull. Chem. Soc. Jap. 43, 2650 (1970). 

95 Y. Huseya, A. Chinone, and M. Ohta, Bull. Chem. Soc. Jap. 44, 1667 (1971). 

99 M. Marky, H.-J. Hansen, and H. Schmid, llelv. Chim. Acta 54, 1275 (1971). 

97 C. S. Angadiyavar and M. V. George, J. Org. Chem. 36, 1589 (1971). 

99 R. R. Fraser, M. M. Gurudatta, and K. E. Haque, J. Org. Chem. 34, 4118 (1969). 

99 R. Scheiner and J. F. Dinda, Tetrahedron 26, 2619 (1970). 

199 P. Scheiner, J. Org. Chem. 34, 199 (1960). 

191 J. S. Clovis, A. Eckell, R. Huisgen, and R. Sustmann, Chem. Ber. LOO, 60 (1967). 
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are also available by oxidation of osazones, 102-104 also lead to v- 
triazoles on photolysis. 100 ' 105 ' 106 It is not clear whether the formation of 
y-triazoles 62 from the compounds 61 in sulfuric acid 102 ’ 103 also proceeds 
via 1,2,3-triazole A'-imines. 

Recently 106 the A r -imine structure (63) was even assigned to the bis 
azoethylene derivatives 61 on the basis of 1,3-dipolar cycloaddition re¬ 
actions (see Section IV,E). Spectral evidence favors 61 as the predominant 
structure; however, an equilibrium could exist as shown 61 ^ 63. 

The oxidation of a-diketone bis acylhydrazones (64) yields initially 
bis azoethylene derivatives (65) which cyclize to give 1,2,3-triazole N- 
acylimines (66). It is now known that the final products of the oxidation 
reaction are not the compounds 66 but the isoimides, 67. The structure 
of the products was the subject of some controversy: they were considered 
to be dihydrotetrazines 107-109 and A r -imines (66) 110 ' 111 but physical meth- 


R 4 ^,N—NHCOAr 
R*'^N— NHCOAr 


R l 


R 8 


N=N— COAr 

T 

N=N-COAr 


(64) 


(65) 



Ar Ax 


(67) (66) 


102 A. V. Spasov, D. Elenko, and S. Robev, Bulg. Akad. Nauk, Otd. Geol.-Geogr. Khim. 
Nauk, Izv. Khim. Inst. 1, 217 (1951) [ Chem. Abstr. 47, 2153 (1953)]; 2, 3 (1953) 
[Chem. Abstr. 49, 5372 (1955)]. 

108 R. B. Woodward and C. Wintner, Tetrahedron Lett., 2697 (1969). 

104 J. Buckingham, Quart. Rev. (London) 23, 37 (1969). 

105 C. Wintner, Tetrahedron Lett., 2275 (1970). 

106 G. S. Angadiyavar, K. B. Sukumaran, and M. V. George, Tetrahedron Lett., 633 (1971). 

107 H. v. Pechmann and W. Bauer, Chem. Ber. 33, 645 (1900). 

108 H. v. Pechmann and W. Bauer, Chem. Ber. 42, 664 (1909). 

R. Stolle, Chem. Ber. 59, 1742 (1926). 

110 S. Petersen and H. Heitzer, Angew. Chem. 82, 81 (1970). 

111 A. R. Katritzky, referred to in Curtin and Alexandrou, 118 and Alexandrou. 114 
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ods, 112-114 and especially X-ray analysis, 115 recently proved the isoimide 
structure 67. Evidently the X-acylimine 66, as an azolide, 116 acylated 
the exocyclic imino group to form the isoimide 67. (see Section IV,C.) 

G. Thiazole X-Imines 

Only one thiazole X-imine has been described without any description 
of its preparation. 74 


III. Physicochemical Properties 

Systematic investigation of the physicoehemical properties of hetero¬ 
aromatic iV-imines has been very limited. Available data are mostly hidden 
in the experimental sections of publications. The results of physicochemical 
investigations of X-imines discussed below are classified by method. 

A. Electron Density Distribution 

To anticipate the results to be expected by physicochemical investiga¬ 
tions, we shall discuss briefly the electron density distribution in the X- 
imines using valence bond language. 

The prototype for an X-imine six-membered ring is the unsubstituted 
pyridine X-imine and has the mesomeric canonical forms 68-74. 



'NH 



"NH 



"NH 



"NH 


(68) (69) 


(70) (71) 



NH NH NH 


(72) (73) (74) 

112 N. E. Alexandrou and E. D. Micromastoras, Tetrahedron Lett., 231 (1968). 

113 D. Y. Curtin and N. E. Alexandrou, Tetrahedron 19, 1697 (1967). 

114 N. E. Alexandrou, Tetrahedron 22, 1309 (1966). 

118 H. Bauer, A. J. Boulton, W. Fedeli, A. It. Katritzky, A. Majid-Hamid, F. Mazza, and 
A. Vaciago, Angew. Chem. 83, 115 (1971). 

116 H. A. Staab, Angew. Chem. 74, 407 (1962); Angew. Chem. Int. Ed. Engl. 1, 351 (1962), 
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Structures 68-71 indicate the possibility of delocalization of the positive 
charge in the heterocyclic ring, whereas the structure 72-74 show the 
possible interactions between the ring and the negative charge. It depends 
strongly on the substituent which of the structures 68-74 are the main 
contributors to the ground state of the pyridine iV-imine. 

The mesomeric structures demonstrate that the 3- and 5-positions 
differ from the 2-,4-, and 6-positions in electron density distribution and 
that the valence electrons of the iV-imine can be polarized easily. 

1,2,4-Triazole 4-imine, as a representative five-membered ring iV-imine, 
possesses canonical forms 75-78 (excluding quadrupolar structures). 



"NH 'NH "NH 

(75) (76) (77) 



From these structures we deduce that the distribution of charge differs 
from that in pyridine iV-imine: in the five-membered ring the positive 
charge cannot be delocalized over the whole ring, which causes a bigger 
difference between the electron density of the carbon-atoms. 

In iV-substituted iV-imines, the negative charge can often be delocalized 
in the exocyclic substituent. This can be shown by the example of an N- 
acylimine by means of the mesomeric structures 79 and 80. The case is 
analogous to other iV-substituted iV-imines. This possibility of delocali¬ 
zation is a significant difference between iV-oxides and substituted A r - 
imines. 



B. NMR Investigations 

The differences of electron density discussed in Section III,A are es¬ 
pecially visible in the NMR spectra of the A'-imines. 

Table I gives the proton signals of some pyridine A r -imines. A clear 
difference in the chemical shift between H-2,6 and H-3,4,5 can be attrib¬ 
uted partially to the different electron density at the carbon-atom in 
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TABLE I 

NMR Spectra op Some Pyridine JV-Imines" 



R 2 


© 


R 1 R 2 R 3 H-2,6 H-3,4,5 Ref. 


COOCHiCHs 

H 

H 

COOCH(CH 3 ) 2 

H 

H 

COPh 

H 

H 

so 2 c,h 7 

H 

H 

cooch 2 ch 3 

H 

ch 3 

cooch 2 ch 3 

H 

Ph 

cooch 2 ch 3 

H 

N(CH 3 ) 2 

cooch 2 ch 3 

H 

COOCH 2 CH 3 

cooch 2 ch 3 

H 

p-cic 6 h 4 co 

cooch 2 ch 3 

ch 3 

H 


1.34 (6) 2.14-2.59 19 

1.14 (2 and 7) 2.34 (2 and 7) 67 

1.07 (7) 1.77-2.67 19 

1.40 (7) 1.92-2.45 19 

1.54 (7) 2.60 (6) 19 

1.28 (7,5) 2.36 (7,5) 67 

1.84 (7,5) 3.38 (7,5) 19 

1.05 (6) 1.97 (6) 19 

0.86 (7) 2.40 (7) 67 

1.38 2.02-2.61 19 


“ Measured in CDC1 3 ; r scale; (in parentheses the coupling constants in Hz). 


question. Unfortunately the exact position of H-4 cannot be read from the 
spectra, but, at any rate, it is less deshielded than H-2 and H-6. All chemi¬ 
cal shifts are strongly influenced by the substituents; the change at H-2,6 
is attributed essentially to electronic effects. 

The NMR spectra also illustrate the isoelectronic character of A-oxides 
and A-imines, since the parent pyridine A-imine, stable only in solution, 
possesses the same NMR spectrum in D 2 0 as pyridine A-oxide. 17 

Apart from the pyridine A-imines, 17 ' 19 ' 67 ' 70 ' 71 NMR spectra have been 
described only for the 1,2,4-triazole 4-imines. 80- 83 187 The differences in 
electron density between C-3 and C-5 are reflected in the chemical shifts 
of the corresponding protons; see the NMR spectra of the A-imine 84 87 
(Scheme 7). The difference between the values for H-3 and H-5 is 1.1 ppm, 
the same as that of the quaternary acylamino salt 83. 

Because of the high electron density in the imino group (see canonical 
structures 79 and 80), the protons of the substituents on the amino group 
are considerably shielded as can be observed in the NMR spectra of 
compounds (82-84). 
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/C,H 9 
N-N ' 

AA,, 


NHCOCHj 

(82) 




NHCOCH, 

(83) 


Chemical Shifts (r values) 



(81) 

(82) 

(83) 

(84) 

H-3 

1.4 

1.4 

0.9 

1.5 

H-5 

1.9 

1.4 

-0.2 

0.4 

ch 3 

- 

7.8 

7.7 

8.1 


Scheme 7 


N-N 




H 


"NCOCHj 

(84) 


The NMR spectra also allow qualitative conclusions regarding the 
electronic effect of the imino group. However, caution is needed since 
chemical shifts are dependent on numerous other factors. A comparison 
of the position of the signals in A-imine 84 and in the corresponding 
quaternary salt 83 (Scheme 7) shows that the protons of the s-triazole 
ring are less deshielded. The NMR signals are shifted to higher field by 
~0.6 ppm as compared to those in the salt 83 with H-3 at even higher 
field than for the 1-alkyl-s-triazole (81). This shows the electron donor 
effect of the acylimino group. 

Analogous evaluation of other substituted s-triazole 4-imine NMR 
spectra shows 87 that the carbamoylimino, the sulfonylimino, and the 
arylimino groups 86 act as donors, whereas the nitroimino group acts as 
an electron acceptor. From the NMR data, the arylimino group in pyridine 
A-imines is also an electron donor. 70 ’ 71 (For quantitative constants of 
these substituents see Section III,C.) 


C. IR Investigations 

From canonical forms 79 and 80 it follows that for the multiple bonds 
within the imino group substituent the polarity rises and the bond order 
is reduced. Consequently, the force constants of such bonds are also 
reduced, causing a frequency shift to lower wavenumbers. 117 ' 118 

The frequency change is evident from the data for s-triazoles in Table II. 
The wavenumbers of the A'-imine functional groups, except for the 
A-sulfonylimines, are shifted ^100 cm -1 to lower values. The mean 

117 H. A. Szymanski, “Theory and Practice of Infrared Spectroscopy.” Plenum, New 
York, 1964. 

111 W. Briigel, “Einfilhrung in die Ultrarotspektroskopie.” Steinkopff, Darmstadt, 1962. 
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TABLE II 

IR Frequencies of 1 ,2,4-Triazole Derivatives (cm -1 ; measured in KBr) 


©IN—R 



NHR 


R 


Ref. 



Ref. 

COR 1 

1590 

80 

1700 


87 

CONHR 1 

1580 

82 

1700 


87 

SOjAr 

1300 

1150 81 

1360 

1175 

87 

no 2 

1420 

1300 90 

1530 

1315“ 



“ Values for aromatic nitramines as the analogous s-triazole derivatives are unknown 
[P. Wetzel, Chem. Ber. 104, 808 (1971)]. 

absorption frequencies listed in Table II are also typical for other hetero¬ 
cyclic A-imines. The absorption in A-acylimincs is always found between 
1570 and 1600 cm- 1 ’ 1112 ' 141819 ' 67 ' 78 and that of A-nitroimines at 1420 and 
1300 cm -1 . 17 ' 69 These numbers suggest a considerable mesomeric stabiliza¬ 
tion of negative charge in the imino group. The conditions are analogous in 
the A-cyanoiminos, the nitrile vibration occurring in the range 2130-2150 
cm -1 , 93 which is similar to that for cyanamide anions (2110 cm -1 ). 

In pyridine A-nitroimincs, the resonance interaction between the nitro- 
imino group and the pyridine ring was investigated by IR spectroscopy. 
A an 0 value of (+ or —) 0.25 was found by means of integrated intensities 
(for the method see Brownlee et al. 119 ) which is of the same order of mag¬ 
nitude as that of the N+-0 - group in pyridine A-oxide (—0.21). 120 The 
sign is probably negative, i.e., the nitroimino group behaves as a resonance 
donor. See also Section III,B. 

D. UV Investigations 

The valence electrons in A-imines can be polarized easily (see Section 
III,A). Accordingly, the A-imines possess relatively long wavelength 
UV transitions which are shifted bathochromically as compared to the 
absorption of the parent heterocycles. 

119 R. T. Brownlee, R. E. J. Hutchinson, A. R. Katritzky, T. T. Tidwell, and R. D. 
Topsom, J. Amer. Chem. Soc. 90 , 1757 (1968). 

120 A. R. Katritzky, C. R. Palmer, F. J. Swinbourne, T. T. Tidwell, and R. D. Topsom, 
J. Amer. Chem. Soc. 91 , 636 (1969). 
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TABLE III 

UV Data fob Some Pyridine JV-Imines 
R 3 


I®? 

©IN —R ] 


R 1 

R 2 

R 8 

Solvent 

X™ 

» M 

Ref. 

H 

H 

H 

HaO 

322 (10,000) 


17 

COOCHaCHa 

H 

H 

MeOH 

228 (6600) 

315 (5530) 

19 

COOCH(CHa)a 

H 

H 

C,H. 

282 (2900) 

344 (11,600) 

67 

COPh 

H 

H 

MeOH 

233 (13,530) 

317 (4850) 

19 

S0 2 C 7 H 7 

H 

H 

MeOH 

240 (14,000) 

317 (2180) 

19 

COOCHaCHa 

H 

CHa 

MeOH 

230 (5490) 
312 (4620) 

245 (5880) 

19 

COOCHaCHa 

H 

CHa 

C,H, 

341 (9400) 


67 

COOCHaCHa 

H 

Ph 

C,H, 

370 (19,000) 


67 

COOCHaCHa 

H 

N(CHa)a 

MeOH 

298 (23,460) 


19 

COOCHaCHa 

H 

COOCHaCHa 

MeOH 

231 (6460) 
350 (9900) 

274 (4340) 

19 

COOCHaCHa 

H 

p-CICaHaCO 

C.H. 

395 (17,900) 


67 

COOCHaCHa 

CH, 

H 

MeOH 

242 (5300) 
310 (2050) 

277 (3350) 

19 

COOCHaCHa 

CN 

H 

MeOH 

224 (11,000) 
360 (4300) 

246 (7850) 

65 

COCHa 

CHa 

H 

C,H, 

336 (5600) 


67 


Typical UV spectra of some pyridine V-imines are summarized in 
Table III. The spectra of the V-imines unsubstituted in the heterocyclic 
ring contain two transitions near 230 and 320 nm 18 which are strongly 
dependent on the solvent. In addition, ring-substituted compounds show 
absorption at ~270 nm. In the same solvent, the position of the absorption 
bands is only slightly dependent on the substituent of the imino group, 
with the exception of the V-arylimines. 38 ' 70 ' 71 The azomethine imine 
system of the V-imines is apparently the essential chromophore since 
these compounds show analogous absorption frequencies (for a summary 
of azomethine imines see Timpe. 121 ) 

From the high extinction values and the Pariser-Parr-Pople model 

121 H.-J. Timpe, JPms. Z. Tech. Hochschule Chem. “Carl Schorlemmer” Leuna-Merse- 
burg 14, 102 (1972). 
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calculations 122 it follows that the long-wave absorptions of the pyridine 
A-imines are 7r-7r* transitions. Charge is transferred by excitation from 
the imino group to the ring and a lowering of the bond order occurs 
simultaneously. 

A'-imines of five-membered heterocycles also possess relatively long 
wavelength transitions compared with those of the parent hetero¬ 
cycles. 1 4 .s°.82, 87 ,93 Thus, in protic solvents the absorption maxima for 
1,2,4-triazole 4-imines are situated at ~2o0 nm, whereas the correspond¬ 
ing triazoles absorb at ~210 nm. 

The dipolar character of A'-imines renders the UV transitions strongly 
solvent-dependent. For all compounds investigated hitherto the long- 
wavelength absorption band possesses a negative solvatochromism (see 
Table III and Dimroth et al. 3i and Becker et ah 82 ). The molar transition 
energies of pyridine A-arylimines 38123 and 1,2,4-triazole 4-imines, 82 ' 124 
derived from the absorption frequencies, correlate well with the empirical 
solvent parameters E T , Z, and S; correlation with the parameters K, 
R, and 5 (see Fowler et al. m ) are poor. 


E. Mass Spectrometry 

Systematic investigations of the mass spectrometric fragmentation of 
heteroaromatic A 7 -imines show a difference between the behavior of five- 
and six-membered ring compounds. 

A direct investigation of unsubstituted A r -imines by mass spectrometry 
is impossible since these compounds are stable only in solution. Unsubsti¬ 
tuted pyridine A-imines are formed on heating A-aminopyridinium 
chlorides in the direct inlet system at 200°, as was shown by Tamura and 
co-workers. 126 The mass spectrum of the unsubstituted A-imines (see 
Scheme 8) contains peaks due to the loss of 15 (NH) and 16 (NH 2 ) mass 
units from the molecular ion in a ratio of ~2.5:1. HCN is also eliminated 
from the molecular ion to a small extent, the reaction presumably proceed¬ 
ing via the sequence molecular ion — * 85 —> 86 ; see also thermal A-imine 
diazepine tautomerism in Section II, A,3. 

The introduction of methyl substituents in the 2- and 6-positions of 
the pyridine ring changes significantly the intensity ratio of the peaks 
[M-NH]:[M-NH 2 ] in favor of the M-NH 2 fragmentation. This can be 

122 It. Gleiter, D. Schmidt, and J. Streith, Helv. Chim. Acta 54, 1645 (1971). 

123 Ch. lteichardt, and K. Dimroth, Fortschr. Chem. Forsch. 11, 1 (1968). 

121 H. G. O. Becker and H.-J. Timpe, Chimia 26, 473 (1972). 

128 F. W. Fowler, A. R. Katritzky, and R. J. D. Rutherford, J. Chem. Soc. B, 460 (1971). 
126 M. Ikeda, N. Tsujimoto, and Y. Tamura, Org. Mass Spectrom. 5, 935 (1971). 
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explained by the so-called “ortho effect” [Eq. (8)]. Thus, the behavior 
of the pyridine iV-imines is analogous to that of the iV-oxides. 127 



(85) (86) 

Scheme 8 



( 8 ) 


Electron impact fragmentation of pyridine and isoquinoline iV-acyl- 
imines 128 causes three primary cleavages: loss of an H atom, N-N bond 
cleavage, and cleavage a to the acyl group, (see Scheme 9). The cleavage 
of an H atom leads to a completely aromatized structure (87). Therefore, 
the [M— 1] ion is in most cases the base ion of the spectrum. Mass spectro- 
metric investigations of deuterated compounds confirm the cleavage of 
the 2-H atom of the pyridine ring. 

Cleavage a to the acyl group leads to the fragment ion 88 from which 
NCO is eliminated to give the pyridine radical ion 89. The same ion is also 
produced directly by a one-step mechanism from the molecular ion. How¬ 
ever, the possibility of the formation of the ion 89 by thermal decomposi¬ 
tion cannot be excluded since no metastable ion was observed (see Section 
IV, E). 

While not showing the M —1 cleavage, the mass spectra of the 1,2,4- 
triazole 4-acylimines 129 demonstrate the other two typical fragmentations. 

127 D. A. Lightner, R. Nicoletti, G. B. Qiustad, and E. Irwin, Org. Mass Spectrom. 
4, 571 (1970) and the references cited therein. 

121 M. Ikeda, N. Tsujimoto, and Y. Tamura, Org. Mass Spectrom. 5, 61 (1971). 

122 H. G. O. Becker, D. Beyer, and H.-J. Timpe, Z. Chem. 10, 264 (1970). 



Sec. III.E.] 


HETEROAROMATIC iV-IMINES 


239 



(87) (89) 

Scheme 9 


Futhermore, the spectra of all pyridine and isoquinoline iV-acylimines, 
and s-triazole 4-acylimines, contain a number of peaks of lower intensity 
which are determined essentially by the substituents. 

The mass spectroscopic fragmentation of pyridine and isoquinoline 
iV-arylimines 130 is readily interpreted (see Scheme 10). The N-N bond 
cleavage is dominant, leading to the pyridine ion 89 and to ionized phenyl 
nitrone (90). The spectra also contain the fragment ion 91 derived directly 
from the molecular ion by hydrogen rearrangement. Chloro- and nitro- 
substituted iV-arylimines (R = Cl or N0 2 ) also show a fragment ion caused 
by loss of a chlorine atom or the nitro group. 



H 

(91) 

Scheme 10 

130 M. Ikeda, N. Tsujimoto, and Y. Tamura, Org. Mass Spectrom. 5, 389 (1971). 
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The primary fragmentation and rearrangement processes in the molecu¬ 
lar ions of the V-sulfonylimines are more numerous. Scheme 11 shows 
the primary fragmentations of 1,2,4-triazole 4-sulfonylimines. 81 The 
favored reaction is the cleavage of the N-N bond, as is shown clearly by 
spectra at low electron energy. Cleavage of the N-S bond is much less 
frequent, giving rise to 92, which formally corresponds to an ionized 1,2,4- 
triazolium nitrene. 



N—SO g Ar 



Scheme 11 

The spectra of the s-triazole 4-sulfonylimines differ clearly from those 
of the pyridine V-sulfonylimines. 131 These latter compounds possess the 
following four principal fragmentation processes: N-S bond cleavage, 
rearrangement reactions to ionized iV-arylimines and azacarbazoles, the 
loss of hydrogen atom from the molecular ion, and the cleavage a to the 
S0 2 group. 

Electron impact-induced fragmentations and photochemical reactions 
(see review, Bentley and Johnstone 132 ) of iV-imines show but little similarity; 
analogous results are found only in the N-N bond cleavage. 133 The same 
applies to the thermal and mass spectrometric process. 128 


F. Acid-Base Investigations 

V-Imines are bases which can be protonated at the imine nitrogen atom 
to give V-aminoimmonium salts, Eq. (9). The p K* values for proton loss 
for different V-ammonium salts are given in Table IV. The difference 
between substituted V-imines derived from the same heterocycle can be 

181 M. Ikeda, S. Kato, Y. Sumida, and Y. Tamura, Org. Mass Spedrom. 5, 1383 (1971). 
135 T. W. Bentley and R. A. Johnstone, Advan. Phys. Organ. Chem. 8, 152 (1970). 

138 H.-J. Timpe and H. G. O. Becker, J. Prakt. Chem. 314, 325 (1972). 
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TABLE IV 


pA a Values op Various JV-Imines (measured in water) 




"N 

INHR 


+ OH 
+ HX 


Nitrogen heterocycle 

R 

plf a values 

Ref. 

Pyridine 

H 

11.2“; 13.6 6 

10;17 

Pyridine 

CH 3 CO 

3.6“ 

10 

Pyridine 

PhCO 

3.2“ 

17 

Pyridine 

no 2 

—4.6 6 

17 

Pyridine 

CH» 

12-13“ 

10 

4- (1 -Benzyl-s-t riazole) 

CH3CO 

4.5“ 

87 

4- (1 -n-Butyl-s-triazol e) 

CH»CO 

4.9“ 

87 

3-Phenyl-4-methyl-5-hydroxypyridine 

CH,CO 

4.2“ 

22 

3-Phenyl-4-methyl-5-hydroxypyridine 

CjHaCO 

4.1“ 

22 

3-Phenyl-4-methyl-5-hydroxypyridine 

PhCO 

3.3““ 

22 

3-Phenyl-4-methyl-5-hydroxypyridine 

CF3CO 

2.4“.“ 

22 


“ Determined by potentiometric titration. 

6 Determined by spectroscopic method. 

“ Measured in 50% methanol. 

explained qualitatively by the common effect of substituents. Further 
data needed for quantitative evaluation are lacking. 



However, iV-ammonium salts as well as the Af-imines possess further 
acidic hydrogen atoms. In 0.2 N NaOD, iV-aminopyridinium salts (14) 
exchanged their hydrogen atoms at the 2-, and 4-, and 6-positions for a 
D atom within the time the NMR spectra could be measured. 17 For the 
4-amino-s-triazolium salts (93) base catalysis is not needed for the hydro¬ 
gen exchange. 134 The ylid or nucleophilic carbene structures 94 and 95 
are intermediates (see also Wanzlick 135 and Quast and Hunig 136 ) and can 
be intercepted by sulfur or ethyl acetoacetate. 134 

134 H. G. O. Becker, D. Nagel, and H.-J. Timpe, J. Prakt. Chem. 315, 97 (1973). 
m H. W. Wanzlick, Angew. Chem. 74, 122 (1962). 

H. Quast and S. Hunig, Chem. Ber. 99 , 2017 (1966). 
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Uncatalyzed H/D exchanges in D 2 0 are also observed in 1,2,4-triazole 
4-imines 80-82 ' 36 ' 87 ’ 90 and pyridine iV-arylimines, 130 whereas other pyridine 
iV-imines 17 ' 130 exchange only in the presence of bases. 

These experimental results support the equilibria for s-triazole 4-imines 
of Scheme 12. Further evidence is the fact that the iV-imines react with 
elemental sulfur without a catalyst 82 ' 87 (see also Section IV,C). 


N-N" 


N- 

ye 


N-N" 


N-N" 


CHjCOCHjCOOEt 


N-N' 

L ' 



NHR X "NR 


^ // 



NHR NHR 


Scheme 12 


IV. Chemical Properties 

A. General Discussion of Reaction Possibilities 

The heterocyclic IV-imines possess five favored reaction centers (see 
Fig. 1): (a) the nucleophilic imino group, (b) acidic C-H atoms, (c) 
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Fig. 1. Favored reaction centers of heterocyclic jV-imines: (a) the nucleophilic imino 
group, (b) acidic C-H atoms, (c) electrophilic C atoms of the heterocyclic ring, (d) the 
dipolar azomethine imine structure, (e) the N-N bond which can be cleaved easily. 

electrophilic or nucleophilic C atoms of the heterocyclic ring, (d) the 
dipolar azomethine imine structure, (e) the N-N bond which can be 
cleaved easily. In consequence of the dipolar character of the iV-imines, 
intramolecular reactions are expected. 

The known reactions are assigned to types (a)-(e) (Fig. 1), but the as¬ 
signment is sometimes uncertain. Intramolecular and photochemical 
reactions are treated separately. 

B. Reactions of the Imino Group 

The nucleophilic imino group reacts as expected in protonation, alkyla¬ 
tion, and acylation; for protonation processes see Section III,F. 

Unlike some aliphatic amine N-imines, 6 heteroaromatic N-imines are 
always alkylated at the nitrogen atom of the imino group, 11 ' 1214 ' 34 ' 37 ' 72 86 ' 87 
[Eq. (10)] although mesomerism also affords other points of attack (see 
Section III,A). The alkylation of unsubstituted pyridine N-imines with 
polynitrohalobenzenes yields ^-(polynitroarylimines) (see Section II, 
A,4). 


R 2 X 



/N, 


R a R 1 


X' 


(10) 


Acylation reactions with acid chlorides 86 also lead to N-substituted prod¬ 
ucts. A'-Acyl- and N-sulfonylimines react analogously in nitration reac¬ 
tions (see Section II,A,4). 

The reaction of 1,2,4-triazole 4-acylimines with phenyl isocyanate 
takes another course. In this case, dipolar compounds are formed by 
acylation at the oxygen atom of the imino group [Eq. (11)]. 
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PhNCO 



'Nv 


'COR 


OCONPh 


( 11 ) 


C. Reactions of a Ring Carbon as an Electrophile or Nucleophile 

C-H Bonds located near the quaternary ammonium group are acidic. 
Hydrogen atoms adjacent to the imino group are therefore easily ex¬ 
changed in deuterated solvents (see Section III, F). 

The C-H acidity is also the cause of the reaction of 1,2,4-triazole 4- 
imines with elemental sulfur [Eq. (12)] 82 ' 87 (see Section III,E). It is 
not clear whether this reaction is an electrophilic substitution or whether 
it proceeds via an intermediate ylid/carbene (94/95). 





NHR 


( 12 ) 


Heterocyclic N-imines contain a quaternary azomethine group which 
can be attacked by hydroxyl ions, leading to ring-opening. Such reactivity 
is strongly dependent on the heterocycle. For instance, pyridine N-imines 
are rather stable to bases 17 ' 69 whereas the 1,2,4-triazole 4-imines react 
very easily. 80 ' 82 ’ 90 ’ 137 In this reaction, the open-chain formamide 96 is 


N-n' R 'OH N-NHR 1 (R = ArSQ 2 , Hydrolysis 

[k,^ H^CHO N0 2 ) products 

'NR HNR 

(96) 




NHR 1 NHR 1 NHR 1 R' 


Scheme 13 


H. G. O. Becker and H.-J. Timpe, J. Prakt. Chem. 311, 9 (1969). 
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produced, which in alkaline solution gives one or the other of the compounds 
of Scheme 13, depending on the imino-group substituent. 

Hydroperoxides (/-butyl hydroperoxide, cumyl hydroperoxide, and 
hydrogen peroxide) add to the azomethine bond of pyridine IV-aryl¬ 
imines. 138 The primary addition product reacts as indicated in Eq. (13) 
and leads to 1,6-dihydropyridazine derivatives (97). Unsymmetrically 
substituted iV-arylimines furnish two products; the structure of the hy¬ 
droperoxide has no influence upon the nature of the final product. 


Ph Ph Ph O-OR 



(97) 


The nitration of pyridine iV-arylimines 70 ' 71 provides the only example 
of a ring carbon behaving as a nucleophile in being attacked by an electro¬ 
phile. These compounds are nitrated to the trinitro derivative 98 prior 
to substitution in the heterocyclic ring. This reaction is so far the sole 
example of an electrophilic substitution at the heterocyclic ring of an 
A ? -imine. The nitro group in 99 can be exchanged for alkoxyl or chloro 
by RO-and Cl-ions (100) [Eq. (14)]. 


NO, X 



NOj NO z 

(98) (99) X = NO z 


(100) X = OR, Cl 


V. Snieckus and G. Kan, Tetrahedron Lett., 2267 (1970). 
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D. 1,3-Dipolar Reactions 

As previously pointed out, heteroaromatic A'-imines contain the struc¬ 
tural element of an azomethine imine. A typical reaction of this class of 
compound is 1,3-dipolar cycloaddition. 121 139 In heteroaromatic A r -imines, 
such reactions are difficult since they involve loss of the aromaticity of 
the heterocyclic ring. Factors essential to the success or failure of a 1,3- 
dipolar reaction are the aromatic character of the parent heterocycle, 
the electron effect of the substituent R, and the nature of the dipolarophile. 

Unsubstituted pyridine, quinoline, and isoquinoline A-imines are the 
most reactive of all A-imines. They add to nitriles, 10 ' 13 ' 72 ’ 140 ' 141 acetylene- 
dicarboxylic ester, 75 ' 139 ' 142 propiolonitrile, 143 propiolic esters, 144 and carbon 
disfulfide. 139 Dehydrogenation to a completely aromatic product, sub¬ 
sequent to the addition step ,[see Eq. (15)] exerts an essential influence 
on the course of the reaction. 



Such rearomatization of the cycloaddition product in substituted A- 
imines is impossible without a considerable change of the molecular struc¬ 
ture, and these compounds seldom undergo 1,3-dipolar cycloaddition, 
with the exception of pyridine, 29 ' 30 34 ' 37 isoquinoline, 29 30 and 1,2,3-triazole 
A-arylimines. 97 ' 106 

A-Arylimines with reactive dipolarophiles yield the normal addition 
products [Eq. (16)]. The influence of electronic effects on such cyclo¬ 
additions is shown by the disinclination of pyridine A-p-nitrophenylimines 
to react. 29 


.CN 

f 


ArN- 


,CN 


(16) 


131 R. Huisgen, Angew. Chem. 75, 621 (1963). 

140 T. Okamoto, M. Hirobe, and Y. Tamai, Chem. Pharm. Bull. 11, 1089 (1963). 

141 T. Okamoto, M. Hirobe, C. Mizushima, and A. Ohsawa, Chem. Pharm. Bull. 11, 781 
(1963). 

142 V. Boekelheide and N. A. Fedoruk, J. Org. Chem. 33, 2062 (1968). 

148 T. Sasaki, K. Kanematsu, and Y. Yukimoto, J. Chem. Soc. C, 481 (1970). 

144 Y. Tamura, A. Yamakami, and M. Ikeda, J. Pharm. Soc. Jap. (Yakugaku Zasshi) 
91, 1154 (1971). 
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N-Acylimines do not yield 1,3-addition products even with the strongly 
dipolarophilic isocyanates [Eq. (11) ] 80 , but, as for 1,2-diphenylcyclo- 
propenone, 145 the oxygen atom of the acylimino group is attacked. Where¬ 
as the isocyanate adduct is stable, the cyclopropenone adduct 101 reacts 
further as indicated in Eq. (17). 



dot) (17) 



The reactions of A-alkoxycarbonylimines with acetylenedicarboxylic 
esters 146 are summarized in Scheme 14. iV-Imines unsubstituted in the 
2,6-positions furnish pyrazolo-pyridine only in low yield, the acyl residue 
of the imino group also being cleaved during the rearomatization. 2,6- 
Disubstituted imines in which the mesomerism between the imino group 
and the pyridine ring is hindered yield the normal addition products and 
vinylpyridine derivatives in various amounts. 



COOR 



Scheme 14 


T. Sasaki, K. Kanematsu, and A. Kakehi, J. Org. Chem. 36, 2451 (1971). 
T. Sasaki, K. Kanenatsu, and A. Kakehi, J. Org. Chem. 36, 2978 (1971). 
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E. Cleavage of the N-N Bond 

Thermal cleavage of the N-N bond is possible, in reactions analogous 
to the Curtius, Hoffmann, and Lossen decompositions. Since the elimina¬ 
tion of a tertiary amine is more difficult than that of a nitrogen molecule, 
the iV-imines decompose at temperatures higher than the corresponding 
azides. 

Pyridine V-benzoylimine decomposes at, 180°-200° to pyridine and 
phenyl isocyanate [Eq. (18)]. 73 128 Similarly quinoline and isoquinoline 
V-benzoylimines yield the heterocyclic base together with benzanilide, 
diphenylurea, and benzamide. 128 1,2,4-Triazole V-acylimines also decom¬ 
pose on heating but do not yield isocyanates. 147 



"N—COPh 


Easy thermal cleavage of the N-N bond in pyridine W-methylimines 66 
has precluded isolation of such compounds. The other cleavage product, 
presumably methylnitrene, has not been detected or trapped, but phenyl- 
nitrene was detected in the thermal cleavage of the N-N bond of 1,2,3- 
triazole V-phenylimines. 106 

Reductive cleavage of the N-N bond is also possible: good yields of 
the parent heterocycle are furnished by zinc in acetic acid, 93 148 SnCl 2 in 
hydrochloric acid, 93 and by catalytic hydrogenation. 36 ’ 78 The oxidizing 
power of the pyridine V-imine is sufficient to convert pyridines into di- 
pyridyls. 149 Oxidative cleavage can also be effected, by hydrogen per¬ 
oxide 70 ' 71 [however, see Eq. (13)] or nitric acid. 90 Phosphorus trichloride, 
a typical deoxygenation reagent for W-oxides, 1 ' 2 yields triazoles with 
1,2,4-triazole 4-acylimines. 148 Cleavage of the N-N bond in pyridine 34 ' 36 ' 37 
and “1,2,3-triazole W-arylimines” 106 can also be effected by CS 2 [Eq. 
(19)]. In pyridine IV-nitroimine, electrochemical cleavage of the N-N 
bond is possible. 150 

For photochemical cleavage of the N-N bond see Section IV, G. 


Ph 

Ph 


X: 


N-Ph 


"N—Ph 


Ph^l N—Ph 

4 S-^N 7 



(19) 


147 H.-J. Timpe, unpublished observation. 

141 H.-J. Timpe, Z. Chem. 12, 333 (1972). 

149 Y. V. Kurbatov, S. V. Zalyalieva, O. S. Oschtroshenko, and A. S. Sadykov, Arb. 
Samarkand. Gos. Univ. 167, 185 (1969); Chem. Absir. 75, 48837d (1971). 

150 H. Lund, Advan. Heterocycl. Chem. 12, 311 (1970). 
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F. Intramolecular Reactions 

Some heteroaromatic AT-imines possess structural elements analogous to 
those compounds which undergo Sommelet-Hauser rearrangements. Never¬ 
theless, only few intramolecular rearrangement reactions of heteroaromatic 
A-imines are known. 

2-(o-Aminobenzyl)pyridines (102) are generated in good yield by 
boiling 2-methylpyridine A-phenylimines in ethanol. 34 ' 36 37 This rearrange¬ 
ment is analogous to that in the reaction of a-picoline iV-oxide with acetic 
anhydride. 12 The precise mechanism is unknown. Pyridine A'-iminos with 
analogous structural elements furnish corresponding products [Eq. 
(20) ]. 23 ' 24 ' 161 



Another type of intramolecular reaction of pyridine A'-iminos was 
described recently. 23 ' 24 4-Methylpyridine A- (3'-oxocyclohexen-l-yl) -imine 
(103) gives 10-oxo-2-methyl-7,8,9,10-tetrahydropyrido[l, 2-fe]indazole 
(105) in boiling toluene. The reaction depends on further oxidation of 
the intermediate 104. For substituted A'-iminos of type 103 ring closure 
involved solely the more hindered side. 



(103) (104) (105) 


151 M. Michalska, Tetrahedron Lett., 2267 (1971). 
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G. Photochemical Reactions 

Heteroaromatic A’-imines are photochemically active compounds (see 
Table III) On irradiation they generally yield products of (a) N-N bond 
cleavage, (b) ring enlargement, (c) rearrangement. However, the available 
data do not permit definition of the conditions necessary for selective 
reactions. Apparently unimportant changes in the substituents and the 
solvent may lead to different results. Therefore, the photochemical re¬ 
actions will be discussed separately for the individual A-imines. 

Irradiation of pyridine A-ethoxycarbonylimine, A-benzoylimine, and 
A-tosylimine in methylene chloride, benzene, or methanol furnishes 
1-substituted 1,2-diazepines in good yields (see Table V) is ,19,65,67,152—156 
Analogous to the photochemistry of A'-oxides, 157 the formation of the 
seven-membered ring occurs via an intermediate diaziridine which isomer- 
izes in a thermal reaction [Eq. (21)]. Although direct proof of this inter¬ 
mediate is not yet available, diaziridines are isolable on irradiation of 
analogous compounds with the azomethine imine structure. 158 This supports 
the pathway proposed for the heterocyclic A-imines. 



(106) 

Substituents of the imino group and the pyridine ring exert an essential 
influence on the decomposition of the product (see Table V). 2- and 4- 
Monoalkylpyridine A-ethoxycarbonylimines also yield only diazepines, but 
the corresponding A-acetylimines 156 furnish considerable amounts of N-N 
bond cleavage products (pyridine and methyl isocyanate). Irradiation of 3, 

188 J. Streith and J.-M. Cassal, Angew. Chem. 80, 117 (1968); Angew. Chem. Ini. Ed. 
Engl 7, 129 (1968). 

181 J. Streith and J.-M. Cassal, Tetrahedron Lett., 5441 (1968). 

184 J. Streith and C. Sigwalt, Bull. Soc. Chim. Fr., 1157 (1970). 

188 S. Sasaki, K. Kanematsu, and A. Kakehi, J. Chem. Soc. D, 432 (1969). 

188 V. Snieckus, J. Chem. Soc. D, 831 (1969). 

187 G. G. Spence, E. C. Taylor, and O. Buchardt, Chem. Rev. 70, 231 (1970). 

188 M. Schulz and G. West, J. Prakt. Chem. 312, 161 (1970). 
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TABLE V 

Photolysis of Some Pyridine JV-Imines (wavelength about 350 nm) 
R 1 


t 

® IN—R 


R 

R 1 

Solvent (reference) 

Yield of products 

Diazepine Pyridine Amino¬ 
pyridine 

cooch 2 ch 8 

H 

C 6 H 6 (65), CH 2 Cla (19) 

95.97 

1 

_ 

COOCH(CH 3 ) 2 

H 

CH 2 C1 2 (67) 

87 

3 

— 

COOCH(CH 3 ) 2 

H 

CH 2 C1 2 (67) 

? 

33 

—° 

COOCH(CH 3 ) 2 

H 

CH 2 C1 2 (67) 

? 

58 

— b 

COPh 

H 

C„H„ (65), CHaCh (19) 

84.64 

— 

— 

so 2 c,h, 

H 

CHaCN (65), CH 2 C1 2 (19) 

16.61 

— 

— 

coch 3 

H 

CH 2 C1 2 (19) 

55 

37 

— 

csnh 2 

H 

CHaOH (160) 

— 

95 

— 

cooch 2 ch 3 

2-CH 3 

CH 2 C1 2 (19) 

84 

— 

— 

cooch 2 ch 3 

2-CN 

C,H 6 (65) 

86 

— 

— 

COCH, 

2-CHa 

CH 2 Cla (157), C.H. (67) 

60.80 

33.0 

— 

COOCH 2 CHa 

4-CHa 

CH 2 C1 2 (157), C,H, (67) 

98.75 

— 

— 

COOCHaCH, 

4-Ph 

C.H, (67) 

92. 

— 

— 

COOCH 2 CH 3 

2,6-CH 3 

CH 2 Cla (19) 

72 

— 

— 

coch 3 

2,6-CHa 

CHaCl 2 (157), C.H. (67) 

38.21 

62.? 

— 

cooch 2 ch 3 

3,5-CH 3 

CH 2 C1 2 (19) 

41 

— 

31 

Ph 

2,4,6-Ph CH 2 C1 2 (159) 

- 

79 



“ In the presence of 3,4-benzopyrene. 
8 In the presence of eosin. 


5-dimethylpyridine N-et.hoxycarbony limine in methylene chloride gives 
an aminopyridine derivative (106) in addition to the 1,2-diazepine. 
This compound is considered to be generated photochemically via a dia- 
ziridine intermediate. 

Different excitation states are responsible for the different products of 
photolysis of the pyridine N-acylimines. Photolysis in the presence of 
triplet sensitizers (see Table V) led to a notable increase of N-N bond 
cleavage. 67 Therefore, it is assumed an excited singlet state gives rise to 
the isomerization process. 122 

It is improbable that the N-N cleavage in pyridine N-phenylimines 159 


181 V. Snieckus and G. Kan, J. Chem. Soc. D., 172 (1970). 
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and in pyridine N-thiocarbamoylimines 160 proceeds via the triplet state, 
since on irradiation of the A r -arylimines singlet phenyl nitrene is formed 
as a second cleavage product which reacts with the solvent (methylene 
chloride, benzene, diethylamine) to give aniline. The singlet state of the 
phenyl nitrene has been proved by ESR spectroscopy and its insensitivity 
to oxygen. 

The irradiation of quinoline iV-acylimines yields discrepant results 
under analogous conditions: on the one hand all three expected products 
were isolated [Eq. (22) ], with N-N bond cleavage prevailing; 74 according 
to a second report,, 73 2-acylaminoquinolines were isolated exclusively. 
Rearranged aminoisoquinolines are formed by irradiation of isoquinoline 
iV-acylimines. 73 


'NHCOR 


( 22 ) 


Photolysis of five-membered heterocyclic iV-imines in most cases leads 
to N-N bond cleavage products, the yields being almost quantitative. 
Thus, irradiation of 1,2,3-triazole N-arylimines gives the corresponding 
v-triazole and phenyl nitrene. 96 ' 97 ' 105 ' 106 Analogous products are formed 
from 1,2,4-triazole 4-arylimines. 161 The arylnitrene formed dimerizes 
when oxygen is excluded to give azobenzene, and in the presence of oxygen 
gives azoxybenzene. 

The parallel to the photochemistry of azides found in the arylimines is 
also observed on irradiation of 1,2,4-triazole 4-acyl-, 129 ' 133 4-sulfonyl-, 81 
and 4-carbamoylimines. 133 In methanol the same products are generated 
as in the photolysis of the corresponding azides. Their formation is con¬ 
sistent with the mechanism given in Scheme 15: the A'-acyl- and sulfonyl- 
imines afford 1,2,4-triazole and a nitrene which yields the typical nitrene 
products 107a-d with methanol. Furthermore, carbamic esters (109) are 
formed, by addition of methanol to an isocyanate (108). These isocyanates 
can originate directly from the A r -imine by a synchronous reaction or from 
the nitrene by a sextet rearrangement. Although irradiation of s-triazole 


1 K. T. Potts and R. Dugas, J. Chem. Soc. D., 732 (1970). 

C. W. Bird, D. Y. Wong, G. V. Boyd, and A. J. H. Summers, Tetrahedron Lett., 
3187 (1971). 
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4-carbamoylimines also leads to s-triazole, carbamidonitrenes could not 
be detected. The isolated hydrazine acid ester (111) can be produced by 
addition of methanol to an isocyanatoamine (110) as well as by methanoly- 
sis of a diaziridinone (112). 


R 

N-N hv 

[I +J CH 2 CI s 

_ I i I 

NCOCH s 


N-N" N-N" 

l| I + CH s NCO + l| I 

^N^CONHCH, 

(113) 


Photolysis of 1,2,4-triazole 4-acetyIimines in methylene chloride gives 
a different product composition. 133 The N-N cleavage is still dominant, 
but s-triazole-5-carboxamides (113) are formed, in a rearrangement 
unobserved with other iV-imines and of unknown mechanism. 


R 2 CONHOMe 

(107a) 


R 2 CONH 2 

(107c) 



R a NH —NCO 
( 110 ) 
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I. Introduction 

At a time when the validity of the concept of aromaticity is questioned, 
increasingly, it seems appropriate to review various definitions in common 
use and to survey their applications in heterocyclic chemistry. 

From a qualitative viewpoint the characteristics of an aromatic com¬ 
pound are easy to define. A compound is said to be aromatic if it is cyclic 
and unsaturated with an enhanced stability over simple olefinic compounds. 
In particular it tends to react by substitution rather than addition, or 
in other words it “maintains the type” as succinctly expressed in the phrase 
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of Sir Robert Robinson, 1 and thus regains after the reaction the aromatic 
sextet of ^-electrons. To be more precise, aromatic compounds are as¬ 
sociated with the presence of 4n + 2 ^-electrons (the Hiickel rule), 2 
and the degree of aromatic character that can be attributable to a par¬ 
ticular heterocyclic compound (of the nonpyridinoid type) is associated, at 
least in part, with the facility by which the electrons of the heteroatom 
become involved in a delocalized 7r-electron system. 

The characteristic aromatic reactivity of the type described above is 
clearly a matter of degree and is difficult to assess quantitatively. From 
a simple consideration of pyridine, which reacts less readily with elec¬ 
trophiles but more readily with nucleophiles at the ring carbon atoms than 
does benzene, it soon becomes apparent that attempts to discuss even 
relative aromatic character using kinetic criteria is fraught with difficulties; 
this is apart from the fundamental objection that chemical reactivity is 
not solely a function of ground-state stability. More success at quantifying 
aromatic character has been forthcoming from a closer examination of the 
delocalized ^-electron system and the characteristic physicochemical 
properties which are derived from it, such as the enhanced stability, the 
particular molecular geometry, magnetic anisotropy, and diamagnetic 
susceptibility exaltation. In the first part of this review we survey some of 
the semiempirical and theoretical approaches of this type that have been 
applied or are potentially applicable to heteroaromatic compounds, and 
in the remainder we survey some conclusions drawn from their application 
to various classes of compounds generally regarded as being aromatic. 
A full discussion of antiaromatic (4n ^-electron systems) and homo¬ 
aromatic heterocyclic compounds we believe to be outside the scope of 
the present review and only occasional passing reference is made to these 
in the text. 

The material for this review has been drawn essentially from literature 
up to the end of 1971. However, some relevant and interesting studies 
reported in 1972, which came to our attention during the preparation 
of this article, have also been included. 


II. Methods Available for Assessing Aromaticity 

A. Energetic Criteria 

There is a profusion of terms used in the literature to refer to the en¬ 
hanced stability of a compound over that of a hypothetical molecule of 


1 J. W. Armit and It. Robinson, J. Chem. Soc. 127, 1604 (1925). 
* E. Hiickel, Z. Phys. 70, 204 (1931); 72, 310 (1931). 
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the same gross structure but lacking 7r-electron delocalization. “Stabiliza¬ 
tion energy,” “resonance energy,” “empirical and vertical resonance 
energy,” “delocalization energy,” “conjugation energy,” “binding energy” 
are terms which appear regularly. Some authors have defined important 
differences between some of these while others use the very same terms 
as synonyms. In an attempt to avoid confusion and without necessarily 
implying a greater desirability of the use of one term over another we use 
delocalization energy (DE) for the energy term calculated by MO theory, 
and empirical resonance energy (ERE) as far as possible for the energy 
derived by experimental methods and as defined below. Modifications of 
the treatment of the experimental data have at times required the use of 
other terminology and this is defined in the text where appropriate. 

1. Empirical Resonance Energy 

Scheme 1 illustrates the distinction between two terms in common 
usage: the empirical resonance energy (ERE) and the vertical resonance 
energy. The former is the energy difference between the real structure and 
a localized structure of type A (for benzene) and is classically derived 
from comparison of thermochemical data for the real structure with data 
from models for the localized structure. Models used are normally simple 
unsaturated compounds. Vertical resonance energy is the energy difference 
between the actual structure and a localized structure (B) in which the 
atom positions are the same as in the real molecule. The vertical resonance 
energy is perhaps the more significant to theoreticians because it is these 
structures that are used in MO calculations of delocalization energy 
(Section II,A, 3). The difference between the empirical and vertical 
resonance energies is the distortion energy required to compress the 
single bonds and stretch the double bonds in going from structure A to B. 



Scheme 1 
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Attempts have been made to estimate the distortion energy for benzene: 
Coulson 3 ” obtained a value of 27 kcal mole -1 and Mulliken and Parr 3b 
a value of 37 kcal mole -1 . In ERE determinations the unsaturated models 
themselves are often less than ideal and Dewar and Schmeising 4 have 
pointed out that a carbon-carbon single bond between an sp 3 and an sp 2 
carbon is of different energy from one between two sp 3 carbon atoms and 
therefore a hybridization energy term may be contained in the thermo¬ 
chemical quantities. These and further problems associated with the 
estimation of vertical resonance energy have been recognized for some 
time and are well reviewed by Streitwieser. 50 

a. Experimental Approaches. ERE values for heteroaromatic systems 
have, in the main, been obtained from heat of combustion and heat of 
hydrogenation data. The difficulty in quantitatively hydrogenating many 
heterocycles has rendered the latter approach rather less generally applic¬ 
able than the former. Errors in the experimental determination of heats 
of combustion are normally of the order of 0.5 kcal mole -1 —and are 
somewhat larger than those of heat of hydrogenation data. More serious 
uncertainty in earlier determinations may have arisen during the estima¬ 
tion of the thermochemical data for the localized model, particularly 
when calculating heat of formation from values of bond energies for bonds 
between carbon and heteroatoms where the reliability was, and at times 
still is, questionable. Calculations normally rely further on the assumption 
that thermochemical bond energy terms are additive. Many of the litera¬ 
ture data for various systems are collected in Tables I and II. 6 

Cox 7 has refined the calculation of heats of atomization of the localized 
structures by taking into account that (1) the C-X bond energy depends 


30 C. A. Coulson and S. L. Altmann, Trans. Faraday Soc. 48, 293 (1952). 

36 R. J. Mulliken and R. G. Parr, J. Chem. Phys. 19, 1271 (1951). 

* M. J. S. Dewar and H. N. Schmeising, Tetrahedron 5, 166 (1959); 11, 96 (1960). 

3 (a) A. Streitwieser, Jr. in “Molecular Orbital Theory for Organic Chemists,” p. 237 
Wiley, New York, 1967; (b) ibid., p. 246. 

3 (a) R. Klages, Chem. Ber. 82, 358 (1949); (b) H. Grasshof, ibid. 84, 916 (1951); (c) 
L. Pauling and J. Sherman, J. Chem. Phys. 1, 606 (1933); (d) G. W. Wheland, in 
“Resonance in Organic Chemistry,” p. 75. Wiley, New York, 1955; (e) J. L. Franklin, 
J. Amer. Chem. Soc. 72, 4278 (1950); (f) A. F. Bedford, A. E. Beezer, and C. T. 
Mortimer, J. Chem. Soc., 2039 (1963); (g) J. Tjebbes, Acta Chem. Scand. 16, 916 
(1962); (h) S. Sunner, {bid. 9, 847 (1955); (i) H. Zimmermann and H. Geisenfelder, 
Z. Elektrochem. 65, 368 (1961); (j) A. F. Bedford, D. M. Heinekey, J. T. Millar, and 
C. T. Mortimer, J. Chem. Soc., 2932 (1962); (k) L. Pauling, in “The Nature of the 
Chemical Bond,” p. 3. Cornell Univ. Press, Ithaca, New York, 1960; (1) T. L. Cottrell, 
in “The Strength of Chemical Bonds,” p. 236. Butterworths, London, 1954; (m) G. E, 
Coates and L. E. Sutton, J. Chem. Soc., 1187 (1948). 

7 J. D. Cox, Tetrahedron 19, 1175 (1963). 



TABLE I 


Empirical Resonance Energy Data (kcal mole -1 ) for 
Azines and Five-Membered Ring Compounds Containing One Heteroatom 



Ref. 6a 

Ref. 6b 

Ref. 6c 


Ref. 6d 


Ref. 6e 

Ref. 6f 

Ref. 6g 

Ref. 7 

Method 

D“ 

Method 

A“ 

Method 

B“ 

Method 

A* 

Method 

B“ 

Method 

A“ 

Method 

C“ 

Method 

B« 

Benzene 

35.9 

36.8 

36 

36.8 

37 

36 

36.4 

36.0 

36 

_ 

40.8 

22 

Naphthalene 

61.0 

— 

61.6 

— 

— 

61.0 

61.2 

— 

62 

— 

— 

— 

Pyridine 

27.9 

— 

— 

— 

43 

23 

— 

— 

— 

32.0 

24.2 

19 

Pyridazine 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

12.3 

10 

Pyrimidine 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

8.0 

18 

Pyrazine 

— 

— 

— 

— 

— 

— 

— 

— 

— 

24.0 

8.1 

18 

Quinoline 

48.4 

— 

— 

— 

— 

47.3 

— 

— 

— 

— 

— 

— 

Thiophene 

29.1 

— 

24.1 

— 

31 

28.7 

27.7 

— 

31 

— 

— 

16 6 

Furan 

16.2 

— 

17 

21.1 

23 

15.8 

22.2 

17.2 

23 

— 

— 

8 

Pyrrole' 

21.6 

— 

14 

— 

31 

21.2 

24.5 

— 

27 

— 

— 

15 

Indole* 

— 

— 

— 

— 

— 

47 

49 

— 

— 

— 

— 

— 

Carbazole* 

- 

- 

— 


— 

74 

75 


— 





• A, Via heats of combustion; B, via heats of hydrogenation; C, values obtained using different bonding data; D, conjugation energy 
(see text). 

6 Cf. 20 kcal mole -1 (Sunner 96 ). 
c For further data see Table II. 
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TABLE II 

Empirical Resonance Energy Data (kcal mole -1 ) for Azoles 





Ref. 6i 



Ref. 6j 

Ref. 7 

Method 

F° 

Method 

A“ 

Method 

B- 

Method 

O 

Method 

D° 

Method 

E° 

Pyrrole 6 

28.5 

22.1 

17.4 

27.6 

30.9 

_ 

15 

Pyrazole 

41.5 

26.8 

32.7 

— 

— 

29.3 

27 

Imidazole 

32.1 

12.7 

17.7 

22.3 

— 

14.2 

27 

1,2,4-Triazole 

49.2 

20.0 

36.2 

— 

— 

— 

— 

Tetrazole 

— 

55.2 

63.1 

— 

— 

— 

— 

Indole 6 

57.6 

52.0 

41.8 

51.0 

53.8 

— 

— 

Indazole 

73.9 

59.0 

59.5 

— 

— 

— 

— 

Benzimidazole 

68.8 

48.7 

48.8 

52.3 

— 

— 

— 

Benzotriazole 

— 

82.9 

74.7 

— 

— 

— 

— 

Carbazole 6 

100.7 

94.9 

79.2 

87.4 

89.7 

- 



° A, Results obtained using Pauling’s bond energy terms 6k ; B, using the bond energy 
terms reported by Cottrell 61 ; C, using Coates and Sutton’s bond energy terms ,m ; D, 
results calculated using Klage’s approach 66 ; E, results calculated using Franklin’s 
approach 60 ; F, conjugation energy, see text. 

6 For further data see Table I. 


upon the hybridization of the carbon atom, (2) there are energy differences 
between primary, secondary, and tertiary C-H bonds, and (3) there 
are strong “next-nearest-neighbor” interactions in oxygen ring compounds. 
Comparison of these refined values with literature values for the heats 
of formation of the actual compounds affords an energy term which the 
author, after Dewar, calls the “conjugation energy” (Table I). Further 
extensive calculations using heat of atomization data have been published 
by Dewar et aZ. 8-13 and are discussed in Section II,A, 2. The application 
of tautomeric equilibrium data for evaluating ERE differences between 
two tautomers is considered in Section II,A, 4. 

In spite of the problems outlined above the determinations of empirical 
resonance energies have provided one of the widest ranging and most often 

6 M. J. S. Dewar, Tetrahedron 22, Suppl. 8, 75 (1966). 

6 M. J. S. Dewar, A. J. Harget, and N. Trinajstic, J. Amer. Chem. Soc. 91, 6321 (1969). 

10 M. J. S. Dewar and N, Trinajstic, J. Amer. Chem. Soc. 92, 1453 (1970). 

11 M. J. S. Dewar and N. Trinajstic, Tetrahedron 26, 4269 (1970). 

12 M. J. S. Dewar, A. J. Harget, N. Trinajstic, and S. D. Worley, Tetrahedron 26, 4505 
(1970). 

16 M. J. S. Dewar and N. Trinajstic, Theor. Chim. Acta 17, 235 (1970). 
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quoted series of data for assessing the aromatic character of hetero¬ 
aromatic systems on a quantitative basis. 

2. “Dewar Resonance Energy” 

Dewar and co-workers 8 ’ 9 have proposed a modified definition of resonance 
energy which avoids some of the problems associated with defining a 
resonance energy in terms of energies of pure single and double bonds 
outlined above. The Dewar resonance energy is defined as the difference in 
the heat of atomization between a given conjugated cyclic molecule and 
the energy of the appropriate open-chain polyene. It is argued that this 
definition is superior to others for the following reasons: 

(a) The quantities which chemists are primarily interested in con¬ 
cerning aromatic molecules are not necessarily their stability relative to 
some idealized structure with pure single and double bonds, but rather 
their stability relative to an open-chain analog. 

(b) The definition is independent of theoretical approaches because 
the polyene bond energies can be estimated from thermochemical data. 

In the absence of experimental data of the type required the authors 
have in fact been obliged to resort to some theoretical calculations using 
a semiempirical SCF-MO method. The resonance energies of many 
heterocyclic systems have been determined and results are listed in Table 
III. In all papers by Dewar et al. the results are discussed in terms of the 
experimentally observed reactivity and stability of the systems. An in¬ 
dependent calculation 14 has given a somewhat different value for furan 
(12.5 kcal mole -1 ) but a very similar one for dibenzofuran (43.7 kcal 
mole -1 ). During the latter stages of the preparation of this article, Hess, 
Schaad, and Holyoke 15 reported the application of the HMO method to 
the calculation of heats of atomization and resonance energy of a range 
of five-, seven-, and nine-membered ring oxygen and nitrogen heterocycles. 

In an extension Dewar and co-workers 16 have calculated the heats of 
atomization for many potentially tautomeric compounds and the differences 
in the values for tautomeric forms are compared with the available experi¬ 
mental equilibrium constants. This and other work on the relationship 
between tautomeric equilibria and stability of the tautomeric forms of 
heteroaromatics is discussed further below (Section II,A, 4). 

Dewar resonance energy determinations would appear to be derived 
from a much more rigorous manipulation of thermochemical data than 
many of the earlier resonance energy determinations. 


» N. C. Baird, Can. J. Chem. 42, 3535 (1969). 

18 B. A. Hess, L. J. Schaad, and C. W. Holyoke, Tetrahedron 28, 3657 (1972). 

16 N. Bodor, M. J. S. Dewar, and A. J. Harget, J. Amer. Chem. Soc. 92, 2929 (1970). 
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3. Delocalization Energy 

In MO theory the delocalization energy (DE) is the calculated addi¬ 
tional bonding energy associated with the delocalization of w-electrons 
originally constrained in isolated double bonds, and thus corresponds to 
vertical resonance energy. It is not the purpose of this review to discuss 
the approximations and refinements that have been made to the MO 
method, but the cautionary comments of Dewar 17 are perhaps worth 
noting here. In Dewar’s view the HMO method is so unreliable as to be 
useless in treating heterocyclic compounds and hydrocarbons that are 
either nonaromatic or contain an odd-membered ring. However, in spite 
of its undoubted limitations extensive application of the simple Hiickel 
MO theory to heterocyclic compounds has and still is made and indeed 
often provides a basis for the understanding of the electronic effects within 
systems (for a recent defense of the HMO method for the calculation of 
heats of atomization and resonance energies see Hess et al. n ). 

DE is expressed in terms of /3, the exact value of which is uncertain 
(for a recent discussion see Figeys 18 and Sannigrahi 19 ). Plots of DE (in 
units of /3) against ERE for hydrocarbons give good straight lines and it 
has been pointed out 56 that such correlations must require a remarkable 
proportionality between distortion energies (Section II,A, 1) and ERE 
values. For heterocyclic compounds, however, the nonlinearity of DE 
versus ERE plots has been reported. 20 It appears that of various six- 
membered nitrogen heterocycles, pyridine and quinoline obey an equation 
ERE = 15.8 DE, whereas pyridazine, pyrimidine, and pyrazine do not. 

In a relatively early paper, Orgel et al ,, 21 in estimating the DE of pyridine, 
pyrimidine, pyrazine, and pyrrole, pointed out the difficulty in calculating 
the energy of the classical structure when the structure to be chosen as a 
reference becomes less obvious. DE data have, however, been reported for a 
wide range of heterocyclic compounds including phosphole, pyrrole, 22 in¬ 
dole, 23 indazole, 23 tautomeric azoles, 22 tetraazapentalenes, 24 cyclazine, 25 ’ 26 

17 M. J. S. Dewar, Chem. Soc. Spec. Publ. 21, 177 (1967). 

18 H. P. Figeys, Tetrahedron 26. 4615, 5225 (1970). 

18 A. B. Sannigrahi and A. K. Kar, Tetrahedron 25, 3243 (1969). 

20 It. Zahradnik and J. Koutecky, Advan. Heterocycl. Chem. 5, 69 (1965). 

21 L. E. Orgel, T. L. Cottrell, W. Dick, and L. E. Sutton, Trans. Faraday Soc. 47, 113 
(1951). 

22 A. J. Owen, Tetrahedron 14, 237 (1961). 

23 O. E. Polansky and M. A. Grassberger, Monatsh. Chem. 94, 662 (1963). 

24 R. A. Carboni, J. C. Kauer, J. E. Castle, and H. E. Simmons, J. Amer. Chem. Soc. 
89, 2618 (1967). 

28 R. J. Windgassen, W. H. Saunders, and V. Boekelheide, J. Amer. Chem. Soc. 81, 
1459 (1959). 

28 R. D. Brown and B. A. W. Coller, Mol. Phys. 2, 158 (1959). 




Oxirene 

—5.5 13 

2-Azirine 

—6.7 13 


Puran 

4.3 13 (1.59)» 

Pyrrole 

5.3 13 (8.53) 9 

Thiophene 

Benzo[6]furan 

20.3 12 ' 8 

Indole 

23.8 12 

Benzo[6]thiophene 

Benzo[c]furan 

2.4 1S 

Isoindole 

11.6 12 

Benzo[c]thiophene 

Dibenzofuran 

39.9 129 

Carbazole 

40.9 12 

Dibenzo thiophene 



Imidazole 

15.43 9 

1,4-Thiophthene 



Benzimidazole 

30.90 9 

1,5-Thiophthene 
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Pyrrolidine 6.9 13 1,6-Thiophthene 10.5 

2,5-Thiophthene —33.9 

2,2'-Bithienyl 12.7 

2,3'-Bithienyl 12.1 

3,3'-Bithienyl 11.0 


Seven-membered rings' 


Oxepin 

0.12 

Azepine 

-1.80 

Thiepin 

-1.45 10 

4,5-Benzoxepin 

18.77 

4,5-Benzazepine 

17.53 

4,5-Ben zothiepin 

19.9 10 

3,4-Benzoxepin 

1.15 

3,4-Benzazepine 

-0.78 

Thieno[c, djthiepin 

3.5 10 

2,3-Benzoxepin 

19.95 

2,3-Benzazepine 

18.36 



2,3,5,6-Dibenzoxepin 

20.94 

2,3,5,6-Dibenzazepine 

19.49 



2,3,6,7-Dibenzoxepin 

39.80 

2,3,6,7-Dibenzazepine 

38.40 



2,3,4,5-Dibenzoxepin 

39.03 

2,3,4,5-Dibenzazepine 

37.89 



3,4,5,6-Dibenzoxepin 

3.14 

3,4,5,6-Diben zazepine 

1.08 



Tribenzoxepin 

59.27 

Tribenzazepine 

58.14 




* Values in parentheses are data which have subsequently been modified in the light of the discussion by Dewar and Trinajstic. 1 
6 For values of amino-substituted pyridines and phenyl-substituted benzo-fused heteroaromatic see Dewar et aZ. 18 - 12 

' Data from Dewar and Trinajstic 18 except where otherwise indicated. 
d Data from Dewar and Trinajstic 10 except where otherwise indicated. 

• Data from Dewar and Trinajstic 11 except where otherwise indicated. 
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azines, 22 ' 27 2- and 4-pyrone, 28 ' 29 2-thiapyrone, 2-thiopyrone, and 2-thio- 
thiapyrone, 29 thiopyrylium ion, 30 benzo-1,3-dithiolium ion, 31 naphthy- 
ridine, 32 and the heterocyclic analogs of fluoranthen. 33 

a. Specific Delocalization Energy, DE sp . Specific delocalization energy 
is derived by averaging the DE over the number of ^-electrons or atoms 
in conjugation, or the number of C-C bonds over which the conjugated 
system extends. DE sp , unlike DE, does not increase markedly within 
the series benzene, naphthalene, anthracene and has been regarded as 
being better suited for discussing aromaticities of hydrocarbons than DE 
itself. 34 DE sp for pyridine has been calculated 35 to be 0.350 and is marginally 
larger than that for benzene. Data for pyrones are reported in Section 
III,D, 6 but general application to heteroaromatic compounds does not 
appear to have been developed. 

4. Tautomeric Equilibria and Resonance Stabilization 

Many ring-substituted heterocycles exist in more than one tautomeric 
form, and heteroaromatic tautomeric equilibria have been the subject of 
a number of theoretical discussions. Mason 36 has found a good correlation 
between the equilibrium constants (X T ) and 7r-electron energies of various 
pyridones, quinolones, isoquinolones, etc., and further calculations by a 
Russian group 37 on compounds of this type are also in agreement with 
experimental findings. Kr for various amino pyridines have been esti¬ 
mated 23 from the results of LCAO-MO calculations and are found to be 
in general agreement with experimental data. Kuthan et al., 3S using the 
HMO method, reported that the trend in the tautomeric equilibria in 
the series 1 and 2 (where X = 0, S, NH, CH 2 ; R = H) show poor cor¬ 
relation with x-electron energy differences between the tautomers, but 
good correlation with delocalization energy differences. Results of HMO 

27 J. H. Reynolds, Diss. Abstr. 25, 6968 (1965). 

28 P. Beak, Tetrahedron 20, 831 (1964). 

29 R. Zahradnlk, C. P&rk&nyi, and J. Kouteeky, Collect. Czech. Chem. Commun. 27, 
1242 (1962). 

30 J. Kouteeky, Collect. Czech. Chem. Commun. 24, 1608 (1959). 

31 J. Koutecky, J. Paldus, and R. Zahradnlk, Collect. Czech. Chem. Commun. 25, 617 
(1960). 

82 W. W. Paudler and T. J. Kress, J. Org. Chem. 33, 1384 (1968). 

33 M. Scholz and D. Heidrich, Z. Chem. 7, 349 (1967). 

34 R. Zahradnlk, J. Michl, and J. Pancir, Tetrahedron 22, 1355 (1966). 

33 J. Kruszewski and T. M. Krygowski, Tetrahedron Lett., 319 (1970). 

88 S. F. Mason, J. Chem. Soc., 674 (1958). 

87 V. P. Zvolinskii, M. E. Perel’son, and Yu. N. Sheinker, Dokl. Phys. Chem. 179, 257 
(1968); Teor. Eksp. Khim. {USSR) 6, 250 (1970). 

38 J. Kuthan, V. Skala, and J. Palecek, Z. Chem. 8, 305 (1968). 
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X XR 



R R 

(la) (1b) (2a) (2b) 


calculations have been advanced to predict that isoindole-isoindolenine 
equilibria (3a ^ 3b ) should favor the isoindole form. 39 . 40 



(3a) (3b) 

In a wide-ranging study Dewar and co-workers 16 have recently used 
their semiempirical SCF-MO method (Section II,A,2) to calculate the 
heats of atomization of the tautomers of many hydroxy and imino deriva¬ 
tives of five- and six-membered ring heteroaromatics. The calculated 
relative stabilities of the forms are in good general agreement with experi¬ 
mental findings; odd discrepancies can be attributed at least in part to 
the fact that the calculations refer to the gaseous phase, whereas the 
majority of experimental measurements have been obtained in aqueous 
media. 

Two groups have applied a reverse procedure and estimated quantita¬ 
tively the difference in empirical resonance energy between two tautomeric 
forms by comparing the equilibrium of the heteroaromatic with that of a 
model for the hypothetical localized system. Scheme 2 illustrates the 
relationship for the pyridone system. 

In the more rigorous of the two approaches Beak el al.* 1 determined 
calorimetrically A H° for the equilibrium between A-methyl-2-pyridone 
(la, R = Me) and 2-methoxypyridine (lb, R = Me) (A//deioo°) and 
also for that between the saturated analogs (4a, 4b, R = Me) ( AHi 0 °). 
Equilibrations were performed using catalytic amounts of the appropriate 



R 


(4a) (4b) 

88 D. F. Veber and W. Lwowski, J. Amer. Chem. Soc. 86, 4152 (1964). 

40 J. Kopecky, J. E. Shields, and J. Bornstein, Tetrahedron Lett., 3669 (1967). 

41 P. Beak, J. Bonham, and J. T. Lee, J. Amer. Chem. Soc. 90, 1569 (1968). 
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Scheme 2 


common alkylated derivatives. The ERE of 2-methoxypyridine was 
found to be 6 ± 7 kcal mole -1 greater than that of A'-methylpyridone. 
The method, however, appears to be of limited applicability because of 
difficulties in equilibrating the aliphatic models required for other de¬ 
terminations. 42 By contrast Katritzky and co-workers 43 compare the cor¬ 
responding protomeric equilibria (la ^ lb, R = H and 4a ^ 4b, R = H) 
for which many quantitative data are already available. The method has 
been extended to 4-pyridthione, 4-pyridoneimine, and 4-pyridmethide, 
and to the corresponding quinolonoid and isoquinolonoid series. 44 Empirical 
resonance energy differences deduced in this way are listed in Table IV. 

5. Acidity, Basicity, Pseudo-Base Equilibria, and Resonance Energy 
Wheland 45 demonstrated the relationship between MO delocalization 
energy of hydrocarbons and their acidity, and on this basis Streitwieser 46 

42 P. Beak and J. T. Lee, J. Org. Chem. 34, 2125 (1969). 

43 M. J. Cook, A. R. Katritzky, P. Linda, and R. D. Tack, J. Chem. Soc., Perkin 
Trans. II, 1295 (1972); Chem. Commun., 510 (1971). 

44 M. J. Cook, A. R. Katritzky, P. Linda, and R. D. Tack, J. Chem. Soc., Perkin 
Trans. II, 1080 (1973). 

43 G. W. Wheland, J. Chem. Phys. 2, 474 (1934). 

43 A. Streitwieser, Jr., Tetrahedron Lett. 6, 23 (1960). 
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TABLE IV 

Resonance Energy Differences for the 2- and 4-Pyridone, 2-Quinolone, 

AND 1-IsOQUINOLONE SERIES FROM TAUTOMERIC EQUILIBRIUM DATA 43 ' 44 



(A Py - A,)- 
(kcal mole -1 ) 

(A q - A.) 

(kcal mole -1 ) 

(A isoq - A x ) 

(kcal mole -1 ) 

X 

2-Series 

4-Series 

0 

7.5±1 

7.7±1.5 

2.0±0.5 

4.4±1.0 

s 

6 ±1 

— 

2.9±0.5 

4.0±1.0 

NH 

10 ±2 

14.5±3 

5.0±1.0 

6.2±1.2 

CH a 

17.5±3.5 

19.5±4 

7.9±1.5 

7.4±1.5 


<* A py — A x is the difference in resonance energy between the pyridine and pyridonoid 
structures, x referring to the exocyclic atom or group in the latter. Similar nomenclature 
follows for the benzo-fused series. 


correlated AM, the differences in DE between the anion and hydrocarbon, 
with pK a . Applications to the heterocyclic systems appear to be few. 
Okamura and Katz 47 estimated the pK a of 3/f-pyrrolizine (5) to be 2.9, 
which corresponds to a AM between 5 and the anion 6 of 1.1 units. AAf 



(s) (6) 


calculated by simple MO theory was A1.3. For further qualitative applica¬ 
tions of this approach see Sections III, E, 2 and III, F, 2. 

The low basicity of 1-methylphosphole 48 and pyrrole 49 may be accounted 
for by the loss of resonance energy in going to the protonated form. Indeed 
comparison of the pK a of iV-methylpyrrole in both the a- and /3-positions 
with those estimated for nonaromatic models, e.g. (7) and (8) which give 
cations (9) and (10) of similar electronic structure to the cations (11) 
and (12) from pyrrole, allow the ERE of this heteroaromatic to be esti¬ 
mated as ~27 kcal mole -1 . 60 ' 61 A similar approach has been discussed for 


47 W. H. Okamura and T. J. Katz, Tetrahedron 23, 2941 (1967). 

61 L. D. Quin, J. G. Bryson, and C. G. Moreland, J. Amer. Chem. Soc. 91, 3308 (1969). 
49 F. Klages, Chem. Ber. 82, 358 (1949). 

80 M. J. Cook, A. R. Katritzky, P. Linda, and R. D. Tack, Tetrahedron Lett., 5019 (1972). 

81 D. Lloyd and D. R. Marshall, Chem. Ind. (London), 335 (1972). 
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Me Me Me 


( 10 ) ( 11 ) ( 12 ) 


indole, 50 ' 51 carbazole, 50 and the 2,3-dihydro-l//-l,4-diazepinium cation 
(13). 51 



(13) 


In yet a further application of equilibrium data, the A H° for pseudo-base 
formation of isoquinolinium methiodide has been compared with cor¬ 
responding data for 3,4-dihydroisoquinolinium methiodide, leading to a 
value of 48 ± 9 kcal mole -1 for the ERE of the former. 50 


B. Structural Criteria 

The assessment of aromatic character from structural criteria would 
appear to be a very valid approach. Aromatic ir-electron delocalization 
requires planarity of the aromatic molecule and leads to a typical carbon- 
carbon bond length intermediate between that of a single bond and a 
formal olefinic double bond. Indeed qualitative orders of the aromaticity 
of five-membered heteroaromatics have been derived from a consideration 
of the relative degree of “diene character” of the conjugated system as 
assessed from structural determinations of bond lengths (see, for example, 
Sections III,C, 1 and 5). 
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TABLE V 

Aromaticity Indices Ai 82 and A 88 


Compound 

A, 

A 

Benzene 

1 

1 

Thiophene 

0.93 

0.67 

Pyrrole 

0.91 

0.38 

Furan 

0.87 

0.06 

Pyridine 

1.00“ 

0.97 

2-Pyrone 

0.79, 0.96 8 

— 

4-Pyrone 

0.72, 0.94 8 



“ Data from Pujol and Julg 83 and Kruszewski and Krygowski. 38 
8 Herault and Gayoso. 84 Values obtained from two sets of MO-calculated bond lengths. 


Julg and co-workers have attempted to use structural criteria as a 
quantitative tool for assessing aromatic character and they have de¬ 
veloped 52 an aromaticity index A l which is a measure of the degree of 
averaging of the peripheral bonds in an aromatic skeleton. The index is 
defined as 



where d is the mean bond length, d r is the length of bond r, and p is the 
number of ^-electrons in the ring. From the constants used, the A x value 
of benzene is 1, and values for heteroaromatics 35 ' 52-54 are given in the 
Table V. 

Recently the approach has been refined 55 to allow for the resistance to 
circulation of the ^-electrons, which is said to be particularly apparent 
when electronegative atoms are present in the ring. The resistance is 
expressed in terms of a charge gradient, A qu/da, where A q Xj is the difference 
in 7r-charges at the atoms i and j, and d,j is the distance between them. 
An aromaticity correction factor, A t , is then given by 

A,= IID- B (Ag,-,-/d,-y) 2 ] 


82 A. Julg and P. Francois, Theor. Chim. Acta 8, 249 (1967). 

83 L. Pujol and A. Julg, Tetrahedron 21, 717 (1965). 

84 V. H<$rault and J. Gayoso, C. R. Acad. Sri. 269, 298 (1969). 

88 A. Julg, in “Aromaticity, Pseudo-aromaticity, Anti-aromaticity,” Jerusalem Symp. 
Quant. Chem. Biochem., 1970, (E. D. Bergmann and B. Pullman, eds.), Vol. Ill, p. 
383. Israel Acad. Sci. Humanities, Jerusalem, 1971. 
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In this expression B is a constant and set at 1. Values for the corrected 
aromaticity constant A = A t A 2 for heteroaromatics are given in Table V. 

A theoretical approach similar to Julg’s approach, but which has not 
apparently been applied to heterocyclic compounds has been developed 
by Kemula and Krygowski 56 and is based on bond order rather than 
bond lengths. 

In the same vein, Krongauz et al. hl have assessed calculated bond alterna¬ 
tion in various five-membered ring heteroaromatics and concluded that 
the sulfur-containing ring systems are normally more aromatic than the 
oxygen and nitrogen counterparts. Thus 1,3,4-thiadiazole shows little bond 
alternation, whereas oxadiazoles show more and are evidently much 
less aromatic, 1,2,4-oxadiazole being still less energetically favorable 
than 1,3,4-oxadiazole. From the bond equivalence criterion an order of 
decreasing aromatic character—thiophene, selenophene, furan—can be 
deduced, 58 and Bak et al. h 9 using bond order arguments based on microwave 
data report a decreasing scale of aromaticity in the sequence 1,2,5- 
thiadiazole, thiophene, 1,3,4-thiadiazole, 1,2,5-oxadiazole. The near 
“normal” O-N bond length in the oxadiazole has been taken as an indica¬ 
tion that this molecule has a low degree of aromaticity. The structural 
criterion has been developed further by Binsch and co-workers, 60 ’ 61 who 
propose that a conjugated system is aromatic if it shows neither strong 
first-order nor second-order, double-bond fixation. From SCF calculations 
they conclude that aza and diaza analogs of pentalene and heptalene 
should be nonaromatic. 

C. The Electronic Model 

The concept of aromaticity is closely linked to the concept of electron 
delocalization, and several methods of investigation of electronic structure 
have been used as criteria of aromaticity, although these methods have 
been used principally in qualitative terms. 

1. Photoelectron Spectroscopy 

The application of ESCA to the investigation of aromaticity is based 
on the known sensitivity of the binding energies of core electrons to 

“ W. Kemula and T. M. Krygowski, Tetrahedron Lett., 5135 (1968). 

57 E. S. Krongauz, D. A. Bochvar, J. V. Stankevich, and V. V. Korshak, Dokl. Chem. 
179, 190 (1968). 

51 N. N. Magdesieva, Advan. Heterocycl. Chem. 12, 1 (1970). 

89 B. Bak, L. Nygaard, E. J. Pedersen, and J. Rastrup-Andersen, J. Mol. Spectrosc. 
19, 283 (1966). 

90 G. Binsch and E. Heilbronner, Tetrahedron 24, 1215 (1968). 

61 G. Binsch and I. Tamir, J. Amer. Chem. Soc. 91, 2450 (1969). 
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molecular environment, and particularly to charge distribution. The 
method appears particularly valuable as a check of charge distributions 
calculated by MO methods and thus as an indication of the bonding in 
heterocycles. One of the four treatments already published 62 is that for 
sydnone (see Section III,C, 5), but considerably more work is to be 
expected using this technique. 

2. Ultraviolet Spectroscopy 

Ultraviolet spectra have frequently been used as evidence for the 
aromaticity or lack of aromaticity of heterocycles, usually as supporting 
evidence. Most frequently, the spectrum is compared with some structur¬ 
ally analogous compound of known aromaticity, and the degree of similarity 
is taken as a qualitative, and often at least by implication as a semi- 
quantitative, indication of the aromaticity of the compound investigated. 

Thus the strong similarity of the UV spectra of borazarenes to those of 
the corresponding carbocyclic compounds is considered evidence for 
considerable aromatic character of the former 63 ' 64 (see also Section III,D, 
10). The ultraviolet spectra of phosphabenzenes, 65 arsabenzenes, 66 and 
stibabenzenes 66 also reflects the considerable delocalization in these rings 
(Sections III,D, 4 and 5). 

By contrast the similarity of the UV of oxonin to that of cyclonona- 
tetraene is quoted as evidence 67 for lack of aromaticity (Section III,G) 
and UV was one criterion which led to the conclusion that 2-oxaazulen-6- 
one is only weakly aromatic 68 (Section III,H, 1). 

3. Infrared Spectroscopy 

Vibrational spectra reflect conjugation; if conjugation is absent, this 
precludes delocalization and hence aromaticity. This criterion has been 
applied, for example, to 1,4-dioxin, 69 which shows negligible aromaticity 
(Section III,D, 11); by contrast, the vc=o for several thiaazulenones 70 

62 M. Barber, S. J. Broadbent, J. A. Connor, M. F. Guest, I. H. Hillier, and M. J. Puxley, 
J. Chem. Soc. Perkin Trans. II, 1517 (1972). 

13 M. J. S. Dewar, Advan. Chem. Ser. 42, 227 (1964); Progr. Boron Chem. 1,235 (1964). 
34 M. J. S. Dewar, V. P. Kubba, and It. Pettit, J. Chem. Soc., 3073 (1958). 

38 G. Mark], Angew. Chem. Int. Ed. Engl. 5, 846 (1966). 

68 A. J. Ashe, J. Amer. Chem. Soc. 93, 6690 (1971). 

87 A. G. Anastassiou, S. W. Eachus, R. P. Cellura, and J. H. Gebrian, Chem. Commun., 
1133 (1970). 

68 M. J. Cook and E. J. Forbes, Tetrahedron 24, 4501 (1968). 

69 J. E. Connett, J. A. Creighton, J. H. S. Green, and W. Kynaston, Spectrochim. Acta 
22, 1859 (1966). 

79 M. Winn and F. G. Bordwell, J. Org. Chem. 32, 1610 (1967). 
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indicates an increased single-bond character consistent with ring de- 
localization. 

4. Dipole Moments 

The interpretation of dipole moments of aromatic compounds is fraught 
with difficulties because the measured moment is the sum of w-bond, 
<r-bond, and lone-pair moments. Thus although the large dipole moments 
of compounds such as pyridones clearly point to enhanced delocalization, 
quantitative treatment is not easy. Indeed in some cases the method is 
misleading, as with the borazabenzenes 71 where a- and w-bond moments 
may operate in opposite directions (Section III,D, 10). 


D. The Magnetic Model 

1. Magnetic Anisotropy, Ring Currents, and Diamagnetic Susceptibility 
Exaltation 

A discussion of the origins of the diamagnetic anisotropy in aromatic 
compounds is beyond the scope of the present review, but since the in¬ 
terpretation in terms of ring current 72 has led to controversial discussions 
of aromaticity in heterocyclic compounds (following section), the ring 
current model is worth summarizing. The w-electrons of aromatic molecules 
are delocalized in extended circular orbitals above and below the plane 
of the ring, and therefore when a magnetic field is applied a large dia¬ 
magnetic ring current is induced of much greater magnitude than the 
small circuit currents associated with the e-electrons. The induced ring 
current produces a secondary magnetic field that opposes the applied 
field within the ring and reinforces it without, and is thus responsible, in 
part, for the observed deshielding of aromatic ring protons in the PMR 
spectrum. 

The extent to which ring currents and local effects contribute to the 
anisotropy is a subject of discussion (see Pople, 73 Davies, 74 Dailey, 75 
Musher 76 ). Recently Flygare et al. 77 ~ so examined the rotational Zeeman 

71 M. J. S. Dewar and R. Jones, J. Amer. Chem. Soc. 90, 2137 (1968). 

72 L. Pauling, J. Chem. Phys. 4, 673 (1936). 

71 J. A. Pople, J. Chem. Phys. 41, 2559 (1964). 

« D. W. Davies, Trans. Faraday Soc. 57, 2081 (1961). 

79 B. P. Dailey, J. Chem. Phys. 41, 2304 (1964). 

71 J. I. Musher, J. Chem. Phys. 43, 4081 (1965). 

77 R. C. Benson and W. H. Flygare, J. Amer. Chem. Soc. 92, 7523 (1970). 

71 D. H. Sutter and W. H. Flygare, J. Amer. Chem. Soc. 91, 4063, 6895 (1969). 

79 D. H. Sutter and W. H. Flygare, Mol. Phys. 16, 153 (1969). 

90 D. H. Sutter, W. Hiittner, and W. H. Flygare, J. Chem. Phys. 50, 2869 (1969). 
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effect for a variety of compounds from which evaluations of magnetic 
susceptibility anisotropies were made; studies on cyclopentadiene and 
isoprene 77 showed that local and nonlocal contributions are about equal 
in the former and it was suggested that this applies also to thiophene and 
pyrrole. Further anisotropy data 78 for furan, pyrrole, and thiophene were 
considered to demonstrate an increase in ring current in the series in the 
order given. More recently still, Flygare, Beak, et al. Si reported values 
for a parameter A x , the out-of-plane minus the average-in-plane molecular 
susceptibilities for the molecules benzene, furan, 2-pyrone, and 4-pyrone. 
The values of A* were separated into local and nonlocal contributions with 
the aid of values for localized groups obtained from nonaromatic com¬ 
pounds. The authors concluded from the apparent absence of nonlocal 
contributions in the pyrones that these are not aromatic compounds. 

The concept of the closely related diamagnetic susceptibility exaltation 
was earlier discussed by Craig 82 and Dauben et al} 3 These groups suggested 
that the difference, the exaltation, in the observed molar magnetic sus¬ 
ceptibility xm and that calculated from atomic and bond contribution 
Xm', provides a useful criterion for assessing aromaticity. Dauben et al. u 
have recently provided an authorative survey of the subject and a compre¬ 
hensive compilation of exaltation values for benzenoid, nonbenzenoid, and 
pseudo-aromatics, aromatic cations, keto aromatics and heteroaromatics. 
Examples of the last series are provided here in Table VI. Some uncertain¬ 
ties arise in the calculations of xm- for five-membered heteroaromatics. 

In a critical appraisal Jones 85 expressed the view that diamagnetic 
susceptibility exhaltation provides a qualitative rather than a quantitative 
criterion for aromatic character. He argued that “the uncertainties in the 
value used for the diamagnetic constants for atoms and bonds, the need to 
use constitutive corrections 83 and in particular the uncertainties in the or¬ 
igin of the susceptibility which are clearly related to the problems of the 
ring current model, prevent the meaningful use of this phenomenon as a 
quantitative criterion.” 


11 R. C. Benson, C. L. Norris, W. H. Flygare, and P. Beak, J. Amer. Chem. Soc. 93, 5591 
(1971). 

12 D. P. Craig, in “Non-benzenoid Aromatic Compounds” (D. Ginsburg, ed.), p. 1. 
Interscience, New York, 1959; “Theoretical Organic Chemistry,” Kekule Symp., 
p. 20. Butterworth, London, 1959. 

13 H. J. Dauben, J. D. Wilson, and J. L. Laity, J. Amer. Chem. Soc. 90, 811 (1968); 
91, 1991 (1969). 

14 H. J. Dauben, J. D. Wilson, and J. L. Laity, in “Non-benzenoid Aromatics” (J. P. 
Snyder, ed.), Vol. II, p. 167. Academic Press, New York, 1971. 

35 A. J. Jones, Rev. Pure Appl. Chem. 18, 253 (1968). 
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TABLE VI 

Diamagnetic Susceptibility Exaltation 84 


Compound 

Xm 

(10-« cr 

Xm 

a 3 mole -1 ) 

A 

Benzene 

54.8 

41.1 

13.7 

Pyridine 

49.2 

35.8 

13.4 

Pyrazine 

37.6 

30.5 

7.1 

Borazine 

49.6 

41.9 

7.7 

A-Ethylpyridone 

74±1 

67.3 

7 

Barbituric acid 

53.8 

55.4 

-1.6 

Thiophene 

57.4 

44.4 

13.0 

Pyrrole 

47.6 

37.4 

10.2 

Furan 

43.1 

34.2 

8.9 

1,3-Thiazole 

50.6 

38.3 

12.3 

Pyrazole 

42.6 

36.0 

6.6 

3,5-Dimethyloxazole 

59.7 

51.5 

8.2 

1,3,4-Thiadiazole 

37.3 

32.2 

5.1 

3,4-Dimethyl-l, 2,5-oxadiazole 

57.2 

46.2 

11.4 

V-Phenylsydnone 

88.1 

77.1 

11.0 

Naphthalene 

91.9 

61.4 

30.5 

Quinoline 

86.0 

56.1 

29.9 

Isoquinoline 

83.9 

56.1 

27.8 

Indole 

85.0 

57.7 

27.3 

Anthracene 

130.3 

81.7 

48.6 

Acridine 

123.3 

76.4 

46.9 

Carbazole 

117.4 

78.0 

39.4 


2. Ring Currents and Proton Chemical Shifts 

Elvidge and Jackman 86 suggested that the ring current deshielding of 
protons is sufficiently diagnostic of aromatic character for an aromatic 
compound to be defined as one which can sustain an induced ring current. 
They further suggested that the magnitude of the ring current might 
present a quantitative assessment of the aromaticity of a compound; 
their studies on the 2-pyridone and 2-pyridmethide rings led them to the 
conclusion that the former possesses about 35% of the aromaticity of 
benzene and the latter is probably nonaromatic. 

Subsequently, Abraham et al. s1 compared the ring currents in furan and 
benzene from a consideration of the chemical shifts of the protons of these 
compounds with those in nonaromatic models (i.e., compounds which 


35 J. A. Elvidge and L. M. Jackman, J. Chem. Soc., 859 (1961). 

87 R. J. Abraham, R. C. Sheppard, W. A. Thomas, and S. Turner, Chem. Commun., 
43 (1965). 
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could not sustain a ring current) and concluded that by the ring current 
criterion the aromaticity of these compounds is comparable. The variance 
with the accepted view of the degree of aromatic character of the hetero¬ 
cycle led them to conclude that ring current is not a simple function of 
the aromaticity of a molecule. Abraham’s choice of nonaromatic models 
has been criticized by Elvidge 88 and using alternative models he derived 
an order of decreasing aromaticity of benzene, 1; thiophene, 0.75; pyrrole, 
0.59; furan, 0.46. At about the same time De Jongh and Wynberg 89 using 
further chemical shift data obtained the order benzene, 1; thiophene, 
0.77; furan, 0.60; while Davies 90 calculated the ring currents to be benzene, 
1; pyrrole, 0.80; furan, 0.76; thiophene, 0.72. An attempt to estimate 
anisotropies of heteroaromatic compounds from molar Cotton-Mouton 
constants and polarizability and susceptibility data has led to the following 
relative values of w-ring currents: pyridine, 1.06; benzene, 1.0; thiophene, 
0.79; furan, 0.57; pyrrole, 0.37. 91 

The difficulties in choosing a nonaromatic model in chemical shift 
studies have been discussed further by Abraham and Thomas, 92 who also 
reasserted the view that the ring current criterion as a quantitative assess¬ 
ment of aromaticity is suspect, a view which has received some support 
elsewhere. 93-95 However, in spite of the various difficulties and a criticism of 
the generality of the ring current criterion even for qualitative work, 96 
the concept has been and remains for many authors a useful diagnostic test 
of aromaticity. Indeed PMR data has been cited in discussions of the 
aromatic character of an extensive number of compounds and the following 
examples serve to illustrate the range. Thus tellurophene, 97 the indole, 
benzothiophene, benzofuran series, 98 benzofurazan (4,5-benzo-2,1,3- 
oxadiazole), 99 indolizine, 100 cycl[3,2,2]azine, 101 pyrazolo[l ,2-a]pyrazole, 102 

99 J. A. Elvidge, Chem. Commun., 160 (1965). 

19 H. A. P. De Jongh and H. Wynberg, Tetrahedron 21, 515 (1965). 

90 D. W. Davies, Chem. Commun., 258 (1965). 

91 It. J. W. Le Fevre and D. S. N. Murthy, Aust. J. Chem. 19, 1321 (1966). 

92 R. J. Abraham and W. A. Thomas, J. Chem. Soc. B, 127 (1966). 

93 L. M. Weinstock and P. I. Poliak, Advan. Heterocycl. Chem. 9, 107 (1968). 

94 H. C. Smitherman and L. N. Ferguson, Tetrahedron 24, 923 (1968). 

93 R. B. Mallion, J. Mol. Spectrosc. 35, 491 (1970). 

99 D. E. Jung, Tetrahedron 25, 129 (1969). 

97 W. Mack, Angew. Chem. Int. Ed. Engl. 5, 896 (1966). 

99 J. A. Elvidge and R. G. Foster, J. Chem. Soc., 590 (1963); 981 (1964). 

99 B. Dischler and G. Englert, Z. Naturforsch. A 16, 1180 (1961). 

100 P. J. Black, M. L. Heffernan, L. M. Jackman, Q. N. Porter, and G. R. Underwood, 
Aust. J. Chem. 17, 1128 (1964). 

101 V. Boekelheide, F. Gerson, E. Heilbronner, and D. Meuche, Helv. Chim. Acta 46, 1951 
(1963). 

192 T. W. G. Solomons and C. F. Voigt, J. Amer. Chem. Soc. 88, 1992 (1966). 
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1,10-phenanthroline, 103 borazaronaphthalene 104 and borazarothienopyri- 
dine, 105 7-methylpyrano[4,3-6]pyran-2,5-dione, 106 3-phenyl-3-benzobore- 
pin, 107 the heterocyclic analogs of pentalenyldianion, 47 ’ 108-1,0 1,6-oxido[10]- 
annulene, 111 1,6-imino[10]annulene, 112 and 1,6:8,13-dioxido[14]- 
annulene 113 are some systems regarded as having substantial 7r-electron 
delocalization by the chemical shift criterion. In the larger annulenes, 
chemical shift data have been used to ascribe aromatic character to the 
trioxide 14 (X = Y = O) 114116 and dioxide sulfide of [18]annulene (14, 



(14) 

X = 0, Y = S), 116 but polyene character to t*he corresponding oxide 
disulfide (14, X = S, Y = O) 1 ' 7 and trisulfide (14, X = Y = S). 118 PMR 
data have also been cited as evidence for the comparable aromaticity of 
isothiazole and benzene 119 ; the lower aromaticity of 4-pyrone compared to 

103 H. Rosenberger, M. Pettig, K. Madeja, and G. Klose, Ber. Bunsengea. Phys. Chem. 
72, 847 (1968). 

104 G. M. Badger, in “Aromatic Character and Aromaticity,’’ p. 69. Cambridge Univ. 
Press, London and New York, 1969. 

108 S. Gronowitz and A. Bugge, Acta Chem. Scand. 19, 1271 (1965); S. Gronowitz and 
J. Namtvedt, ibid. 21, 2151 (1967). 

106 P. C. Cheng and S. P. Tan, J. Chem. Soc. C, 543 (1968). 

107 A. J. Leusink, W. Drenth, J. G. Noltes, and G. J. M. van der Kerk, Tetrahedron Lett., 
1263 (1967). 

103 H. Volz and B. Messner, Tetrahedron Lett., 4111 (1969). 

103 T. S. Cantrell and B. L. Harrison, Tetrahedron Lett., 4477 (1967). 

110 T. S. Cantrell and B. L. Harrison, Tetrahedron Lett., 1299 (1969). 

111 P. Sondheimer and A. Shani, J. Amer. Chem. Soc. 86, 3168 (1964). 

112 E. Vogel, M. Biskup, W. Pretzer, and W. A. Boll, Angew. Chem. 76, 785 (1964). 

113 E. Vogel, M. Biskup, A. Vogel, and H. Gunther, Angew. Chem. Ini. Ed. Engl. 5, 734 
(1966). 

116 G. M. Badger, J. A. Elix, and G. E. Lewis, Aust. J. Chem. 19, 1221 (1966). 

118 G. M. Badger, J. A. Elix, G. E. Lewis, U. P. Singh, and T. M. Spotswood, Chem. 

Commun., 269 (1965). 

113 G. M. Badger, G. E. Lewis, and U. P. Singh, Aust. J. Chem. 19, 1461 (1966). 

117 G. M. Badger, J. A. Elix, and G. E. Lewis, Aust. J. Chem. 19, 257 (1966). 

113 G. M. Badger, J. A. Elix, and G. E. Lewis, Aust. J. Chem. 18, 70 (1965). 

119 J. A. Elvidge, Personal communication to R. Slack and K. R. H. Woolridge, Advan. 
Heterocycl. Chem. 4, 114 (1965). 
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4-thiothiapyrone 120 and of 2,1,3-benzothiadiazole compared to benzene 
and naphthalene 121 ; a smaller ring current in furfural (formyl proton at 
5 9.67) relative to that of benzaldehyde (9.96 ppm) 122 ; a small ring current 
in uric acid 123 ; and the absence of aromatic delocalization in the H-bonded 
form of 6-aminofulvene-2-aldimines. 124 

Ring currents have been calculated for the porphine skeleton 125 ’ 126 
and for purine, methylated purines, adenine, hypoxanthine, uric acid, 
imidazole, indole, and pteridine, 126 from which it was concluded that ring 
currents are higher for the hexagonal ring compared to the pentagonal 
ring. 

3. Proton-Proton Coupling Constants and Bond Order 

The variation of vicinal proton-proton coupling constants with bond 
order is a well-documented phenomenon and correlations have been 
reported for five- 127 and six- 128 membered ring aromatic systems. A plot 
of Jvio against bond orders for various halothiophenes gives a near straight 
line correlation. 129 Vicinal coupling constants are therefore potentially 
useful for providing evidence for bond fixation or delocalization and have 
frequently been used for this purpose, e.g., Gunther 130 and references 
therein. In particular, Gunther 130 has suggested that for heteroaromatic 
rings fused to a benzenoid ring (15) the ratio of the ortho couplings Jbc-J„b 



(15) 

may serve as a guide to 7r-electron delocalization. The ratio should be 1 

120 J. Jonas, W. Derbyshire, and H. S. Gutowsky, J. Phys. Chem. 69, 1 (1965). 

121 E. I. Fedin, Z. V. Todries, and L. S. Egros, Khim. Geterotsikl. Soedin., 297 (1967); 
Chem. Abstr. 68, 2858p (1968). 

122 R. E. Klinck and J. B. Stothers, Can. J. Chem. 44, 45 (1966). 

123 C. Geissner-Prettre and B. Pullman, C. R. Acad. Sd. Ser. D 261, 2521 (1965). 

124 U. Muller-Westerhoff, J. Amer. Chem. Soc. 92, 4849 (1970). 

128 G. Hazato, Proc. Int. Symp. Mol. Struct. Spectrosc. (D 217) 1962; Chem. Abstr. 
61, 2597d (1964). 

128 C. Giessner-Prettre and B. Pullman, C. R. Acad. Sd. Ser. D 268, 1115 (1969). 

123 W. B. Smith, W. H. Watson, and S. Chiranjeevi, J. Amer. Chem. Soc. 89, 1438 (1967). 

128 N. Jonathan, S. Gordon, and B. P. Dailey, J. Chem. Phys. 36, 2443 (1962). 

129 J. M. Read, C. T. Mathis, and J. H. Goldstein, Spectrochim. Acta 21, 85 (1965). 

180 H. Gunther, Tetrahedron Lett., 2967 (1967). 
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for complete w-bond equivalence and 0.5 for complete localization (for 
an application see Section III,C, 6). Vicinal couplings, particularly in a 
heteroaromatic ring, may be strongly influenced by ring angles and the 
inductive and other effects of heteroatoms (see Abraham and Pachler 131 
for a discussion) and therefore some care should be observed in their 
application. Thus J n = 6 Hz in 4-pyrone and 10 Hz in 4-thiapyrone, 
whereas the latter is regarded to be the more aromatic by the ring current 
criterion. 120 However, a sensible choice of compounds used for comparative 
purposes can overcome these problems, e.g., the nonaromaticity of 1,4- 
benzodioxin (16) was demonstrated by the similarity of J 23 with Jn in 
dioxene (17). 132 



(16) (17) 


4. The Dilution Shift Parameter 

The dilution shift A$i defined as the difference between the chemical 
shift of aromatic protons in the pure liquid and that in an infinitely dilute 
solution in nonpolar solvents, is inversely proportional to the molar 
volume ( V m ) of the solute and directly proportional to the difference in 
the magnetic susceptibilities parallel and perpendicular to the axis of the 
ring.i33, 1 34 On this basis Khetrapal and co-workers have argued 134 ’ 135 that 
the percentage aromaticity (A) of a system relative to benzene (100%) 
can be calculated from the expression: 

^ _ (A5j V m ) for ring protons of the compound (X100) 

(A5i V m ) for benzene protons 

From data obtained in CC1 4 the following percentage aromaticities have 
been derived: pyridine, 61 ± 7; furan, 42 ± 5; thiophene, 69 ± 11, and 
these have been discussed and compared with estimates from other 
methods. In extensions the aromaticities of various substituted thiophenes 

131 R. J. Abraham and K. G. R. Pachler, Mol. Phys. 7, 165 (1963-1964). 

132 A. R. Katritzky, M. Kingsland, M. N. Rudd, M. J. Sewell, and R. D. Topsom, 
Aust. J. Chem. 20, 1773 (1967). 

133 A. D. Buckingham, T. P. Shaefer, and W. G. Sneider, J. Chem. Phys. 32, 1227 (1960). 

134 C. R. Kanekar, G. Govil, C. L. Khetrapal, and M. M. Dhingra, Proc. Indian Acad. 
Sd. Sect. A 64, 315 (1966). 

138 S. S. Dharmatti, M. M. Dhingra, G. Govil, and C. L. Khetrapal, Proc. Nucl\ Phys. 
Solid State Phys. Symp., 8th, Part B, p. 410 (1964); Chem. Ahstr. 66, 60548g (1967). 
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were determined 136 and measurements in solutions of benzene have been 
recommended 137 in which the shifts of the benzene solvent peak are de¬ 
termined. The value for pyridine seems to be particularly low and this 
may be due to the apparent neglect of effects which might arise from the 
presence of lone pairs of electrons. 

The same group 138 has applied the method to fluorobenzenes, and Bertelli 
and Golino 139 have independently used solvent shift criteria for an examina¬ 
tion of 7r-electron delocalization in various nonbenzenoid aromatic 
hydrocarbons. 

5. The Solvent Shift Parameter S 

Anet and Schenck 140 have suggested that the magnitude of the strong 
shifts induced by aromatic solvents in the PMR spectra of dipolar molecules 
may provide information about molecular magnetic isotropies of these 
solvents. The chemical shift difference between acetonitrile and cyclohexane 
(internal reference) in solvent X is Aax = Ao-g a9 + Ao- me dium. Referring 
all Acx values to Avoyoiohexane, defined as the observed chemical shift 
between acetonitrile and cyclohexane in neat cyclohexane, the relative 
solvent shifts S, equal to Ao- x — Aa- cycl0 h e xan C , may be obtained. For aromatic 
compounds, S values are large: here the dominant effect is the preferential 
location of the acetonitrile dipole above the plane of the ring where t- 
electron density and diamagnetic shielding are greatest. In practice, the 
association constants of acetonitrile with the aromatic ring will affect 
the magnitude of S, though for hydrocarbon solvents these may be re¬ 
garded as being sufficiently similar to make S a measure of the anisotropy 
experienced. S for benzene is 1.00 ppm whereas S values for olefins are 
near to zero. 

S values decrease in the order pyrrole, thiophene, and furan. For 
pyrrole, the S value of 0.82 is higher than expected (anisotropy x = 0.71; 
benzene = 1) whereas for furan the S value of 0.42 is lower than expected, 
cf. x = 0.65. For pyrrole the result is interpreted in terms of a larger asso¬ 
ciation constant, and for furan, the involvement of association at the peri¬ 
phery resulting in a deshielding contribution. 

The approach has been extended to the heteronins (Section III,G) and 
the results (Table VII) suggest that, by the present criterion, oxonin is 

138 M. M. Dhingra, G. Govil, C. R. Kanekar, and C. L. Khetrapal, Proc. Indian Acad. 
Sci. Sect. A 65, 203 (1967). 

137 C. R. Kanekar and C. L. Khetrapal, Curr. Sci. 36, 67 (1967); Chem. Abstr. 67, 2666d 
(1967). 

133 C. L. Khetrapal and M. M. Dhingra, Curr. Sci. 36, 572 (1967). 

139 D. J. Bertelli and C. Golino, J. Org. Chem. 30, 368 (1965). 

140 F. A. L. Anet and G. E. Schenck, J. Amer. Chem. Soc. 93, 556 (1971). 




282 


MICHAEL J. COOK ET AL. 


[Sec. II.D.6. 


TABLE VII 

Solvent Shift Parameter S 


Compound 

Temp. (°C) 

S 

Ref. 

Benzene 

33 

+ 1 

140 

Pyrrole 

33 

+0.82 

140 

Furan 

33 

+0.42 

140 

Cyclononatetraene 

0 

-0.05 

398 

Oxonin 

0 

-0.07 

398 

1/2-Azonine 

0 

+ 1.35 

398 

W-Methylazonine 

0 

+0.34 

398 


mildly antiaromatic whereas l//-azonine is strongly aromatic. It has 
been suggested that steric hindrance renders A'-methylazonine nonplanar 
and this accounts for the reduced S value for this compound. Such a 
large decrease in the S value on replacing N-H by N-Me would seem to 
imply a nonlinear relationship between aromatic character and S. 

6. n C NMR Spectrometry 

Theoretical considerations 141 ’ 142 show that there is some correlation 
between ^-electron density and 13 C shifts. Lauterbur’s extension 143 of his 
empirical approach to the heterocycles pyridine, pyridazine, pyrimidine, 
s-triazine, and s-tetrazine and some of their methyl derivatives shows 
that the 13 C shieldings of the ring carbon atoms are approximately propor¬ 
tional to 7r-electron density. Page et al. ui examined the five-membered ring 
heterocycles and suggested that aromatic character is implied for furan, 
pyrrole, and thiophene from the similarity of the 13 C shifts with those 
of the benzenoid aromatics; they inferred, however, that <r-bond effects 
preclude analysis of a simple relationship between chemical shifts and 
7r-electron density. Others 146 were unable to find any such correlation for 
various substituted pyrazoles. By contrast Weigert and Roberts 146 found 
a linear relationship between 2p* atomic population and 13 C shifts in the 
five-membered ring heterocycles containing one, two, three and four nitro¬ 
gen atoms, and Lynch 147 reports a linear correlation between both 13 C and 

141 M. Karplus and J. A. Pople, J. Chem. Phys. 38, 2803 (1963). 

144 J. A. Pople, Mol. Phys. 7, 301 (1963-1964). 

161 P. C. Lauterbur, J. Chem. Phys. 43, 360 (1965). 

144 T. P. Page, T. Alger, and D. M. Grant, J. Amer. Chem. Soc. 87, 5333 (1965). 

144 R. G. Rees and M. J. Green, J. Chem. Soc. B, 387 (1968). 

146 P. J. Weigert and J. D. Roberts, J. Amer. Chem. Soc. 90, 3543 (1968). 

147 B. M. Lynch, Chem. Commun., 1337 (1968). 
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‘H chemical shifts and simple Hiickel 7r-electron densities in pyrazole, 
imidazole, 1,2,3-triazole, 1,2,4-triazole, and tetrazole. The latter results, 
according to the author, suggest that I3 C and 'H shifts in these azoles are 
determined by the same factors, namely, the ^-electron densities. Goldstein 
and Reddy 148 pointed out that since I3 C-H coupling constants are relatively 
insensitive to anisotropy, medium effects and other factors which compli¬ 
cate the interpretation of proton chemical shifts, then departures from a 
correlation between and 5 could allow a measure of these perturbing 

factors. By this criterion the anisotropy effect for thiophene has been 
estimated 148 to be half the magnitude of that of benzene, but interpretation 
of the data for furan and pyrrole is complicated by local effects associated 
with the heteroatom. 

7. The Faraday Effect 

The Faraday effect is the rotation of the plane of polarization of light 
by transparent substances when placed in a magnetic field. The rotation 
is an additive property and may be calculated for a compound from the 
known rotation of the bonds. Isolated carbon-carbon multiple bonds 
make large contributions to the observed rotation but in compounds 
containing conjugated bonds there is an exaltation over the calculated 
rotation. 149 Labarre and Crasnier, 150 on the basis of a ring current definition 
of aromaticity, proposed the following magneto-optical criteria for aroma¬ 
ticity of compounds: 

(a) Unsubstituted cyclic planar molecules that are characterized by a 
large magnetic rotation exaltation E A t- 

(b) Substitution for hydrogen by fluorine or chlorine atoms should 
sharply decrease the E At value whereas substitution by an amino group 
should increase it. 

(c) The molecular magnetic rotation of the molecule should not remain 
constant when the molecule is diluted in an inert solvent. 

These criteria have been applied in an assessment of the aromaticity 
of some borazines and boroxines, 151 and to provide the following order 
of decreasing aromaticity: pyridine 1-oxide, pyridine, benzene 152 ; and 

141 J. H. Goldstein and G. S. Reddy, J. Chem. Phys. 36, 2644 (1962). 

149 J.-F. Labarre, Ann. Chim. (Paris) 8, 45 (1963). 

180 J.-F. Labarre and F. Crasnier, J. Chim. Phys. 64, 1664 (1967). 

181 J.-F. Labarre, M. Graffeuil, and F. Gallais, J. Chim. Phys. 65, 638 (1968); J.-F. 
Labarre, M. Graffeuil, J. P. Funcher, M. Pasdeloup, and J. P. Lawrent, Theor. Chim. 
Acta 11, 423 (1968); M. Graffeuil and J.-F. Labarre, J. Chim. Phys. 66, 177 (1969). 

182 J. Devanneaux and J.-F. Labarre, J. Chim. Phys. 66, 1174 (1969). 
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thiophene, pyrrole, furan, 153 in which series furan has very low aromatic 
character. The difficulties arising from the comparison of compounds 
belonging to different symmetry groups (e.g., benzene, thiazole) have 
been demonstrated by the same group. 153 

Labarre and co-workers 154 ’ 155 and another group 156 have subsequently 
reported that criterion (c) is invalid and this has been withdrawn. It 
was shown that the concentration dependence of the molar magnetic 
rotation of an aromatic molecule does not correlate with diamagnetic 
effects of an induced ring current, but rather it is associated with the 
concentration-dependent change of the internal field of the solute. Con¬ 
sequently it does not reflect the aromaticity of the compound. 

Labarre, in a more recent paper, 155 has questioned the exact meaning 
of the term “aromaticity” and in particular its relationship to ring current 
effects. 


E. The Reactivity Model 

There have been many discussions of the aromaticity of heterocycles 
based upon experimental observations of the mode and ease of reaction 
toward various reagents, particularly electrophiles. Conclusions so drawn 
are inevitably qualitative and fall short in that reactivity is a function of 
transition-state stability as well as ground-state stability. Recently, 
however, two groups have explored theoretically the energetics of hypo¬ 
thetical addition and substitution pathways of unsaturated molecules. 
Kruszewski and Krygowski 35 have introduced the KK index which is 
simply proportional to the ir-electron energy (calculated by the HMO 
method) that a molecule would lose as a result of an addition reaction. 
Compounds with KK > 3.00 are classified by the authors as being aro¬ 
matic; thus benzene is calculated as 3.55; pyridine, 3.53; and 1,3,5- 
hexatriene, 2.5. The KK index follows approximately the same order as 
Julg’s Ai values (Section II,B) and Zahradnik’s 34 specific delocalization 
energy, DE„ P (Section II,A, 3, a). In a subsequent paper 157 the calculations 
are extended and include thiophene, pyrrole, and furan, and a scale of de¬ 
creasing aromaticity, in the order thiophene, benzene, furan, pyrrole is 
obtained. 


158 J. Devanneaux and J.-F. Labarre, J. Chim. Phys. 66, 1780 (1969). 

1H J.-F. Labarre, R. Moezi, and J.-F. Kiruzore, J. Chim. Phys. 66, 2018 (1969). 

166 J.-F. Labarre, Bull. Soc. Chim. Fr„ 2463 (1970). 

158 K. Bauer, E. Eberhardt, H. Falk, G. Haller, and H. Lehner, Monalsh. Chem. 101, 
469 (1970). 

157 T. M. Krygowski, Tetrahedron Lett., 1311 (1970). 
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A more sophisticated approach by Dixon 168 derives an index A ; a large 
value for A is associated with chemical inertness or preferred substitution 
over addition. However, at the present time the method has not been 
applied to heteroaromatics. 


F. Miscellaneous Criteria 
1. Aromaticity Constants 

Balaban and Simon 159 have argued that an index based on the relative 
electrophilicity and nucleophilicity of a ring compared with benzene is a 
useful means of expressing in numerical terms the aromaticity of a ring 
system. The authors derive an aromaticity constant K from a summation 
of k values for each ring position, where k is an expression of the tendency 
of the atom to release or attract ^-electrons from the delocalized 7r-cloud 
and is defined by 


c = ^0.478 y - 1.01 - m) 1 


where 

Z* = Z - 0.85mk - 0.525ml, n - 0.175ML,b 

and Z is the nuclear charge; Z*, the effective charge; r, the covalent radius; 
mk, the number of electrons in the K shell; ml, n, the number of nonbonding 
L electrons; ML,b, number of bonding L electrons; and m, number of v- 
electrons. 

A representative selection of K values is listed in Table VIII. The 
equation for K is such that the value of K for benzene is 0 and the authors 
suggest that compounds with K > | 200 | are likely to be too unstable to 
be isolated. 

It is clear from this treatment that the method does not attempt to 
assign a specific amount of “aromaticity” to a compound but rather to 
correlate numerically the chemical behavior of the compound relative to 
benzene. The authors point out that, in devising K values for particular 
atoms, factors such as strain, positional isomerism, and the existence of 
mesoionic structures are neglected. It is also suggested that in making 
predictions about stability of structures, possible formation of stable 
decomposition products must be taken into account. Thus hypothetical 

181 W. T. Dixon, J. Chem. Soc. B, 612 (1970). 

188 A. T. Balaban and Z. Simon, Tetrahedron 18, 315 (1962). 
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TABLE VIII 

Aromaticity Constants 189 K 


Compound 

K 

Benzene 

0 

Pyridine 

+ 23 

Pyridinium perchlorate 

+ 74 

Pyrylium perchlorate 

+ 97 

Pyrone 

+ 57 

2-Pyridone 

+ 34 

“2-Hydroxypyridine” 

+ 16 

Cyclopentadienide 

-100 

Pyrrole 

-26 

Sodium pyrrolate 

-77 

Furan 

-3 

Tropylium 

+ 100 

Borepin 

+ 28 


structures such as the hexazine (18) and carbon dioxide trimer (19) have 
K values of only 138 and 171, respectively. 


o" 

n^Si + o^o + 

V _oAoA 0 _ 

(18) (19) 

2. Stability Index P 

Zahradnik et al. u0 have combined a set of parameters which may be 
regarded as “aromaticity indices” into the stability index. The approach 
is more comprehensive than that of Balaban, but as the authors point 
out it is obviously difficult to assess the relative importance of the selected 
indices. Those included are the specific delocalization energy DE sp 34 
(Section II, A,3,a) related to the extent of 7r-electron delocalization, A q the 
difference between the maximum and minimum ^-electron density in the 
molecule (related to the reactivity toward nucleophilic and electrophilic re¬ 
agents; see the preceding section), the free valence F (related to radical re¬ 
activity) and the radical super-delocalizability S T (related to radical reac¬ 
tivity, oxidizability, and reducibility). 

180 R. Zahradnik, J. Michl, and J. Panel?, Tetrahedron 22, 1355 (1966). 
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From a study of hydrocarbons the authors define the stability index P as 

„ „„„ (DE sp - 0.2796) (0.552 - A q) (0.586 - F) 

P - 273 - 

No values of P for heteroaromatics are quoted but a qualitative application 
to sulfur heteroaromatics is considered elsewhere 161 within a discussion of 
the uncertainties of this type of approach. 

3. Coefficients of Influence 

Berezin 162 has argued that vibrational force constants are a quantitative 
characteristic of the properties of the electron shells of molecules and has 
proposed that the coefficients of influence (where the matrix of the coeffi¬ 
cients of influence is the inverse of that of the force constants) may serve 
as a quantitative criterion for aromaticity. The coefficients of influence 
for benzene, pyridine, pyrazine, s-triazine, and s-tetrazine have been cal¬ 
culated from the force constants of the molecules and the sum of the 
diagonal coefficients of influence of all six internal ring angles and seem to 
increase as Balaban’s K values (Section II,F, 1) for these compounds 
decrease. 

4. Sensitivity to Substituent Effects 

Exner and Simon 163 have proposed that the transmission of the in¬ 
ductive effect through an aromatic ring may serve as a measure of the 
mobility of the ^-electrons and thus also as an indirect measure of the 
aromatic character of the skeleton. From an examination of the two 
series 20 and 21 the effects of substituents on the dissociation constants 



(20) (21) 

X= H, CH S , OH, OCHj, 

OPh, SH, SO a Ph, 

N(CH,) g Cl' 

of thiophene-2-carboxylic acid and 2-furoic acid are compared and con¬ 
trasted with similar results obtained earlier 164 for substituted benzoic acids. 

161 R. Zahradnik, Advan. Heterocycl. Chem. 5, 1 (1965). 

162 V. I. Berezin, Dokl. Phys. Chem. 155, 305 (1964). 

163 O. Exner and W. Simon, Collect. Czech. Chem. Commun. 29, 2016 (1964). 

161 O. Exner and J. Jonds, Collect. Czech. Chem. Commun. 27, 2296 (1962). 
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The authors concluded that the “sensitivity to substituent effects” in¬ 
creases in the order benzene, thiophene, furan and they reason that the 
aromatic character increases in the reverse order. 

Extension 166 ’ 166 to pyrrole- and selenophene-2-carboxylic acids gives 
a sequence of sensitivity in the order pyrrole, furan, selenophene, thiophene, 
benzene, the same order as that observed by Tirouflet et ah 167 in the polaro- 
graphic reduction of nitro derivatives of these rings. A different sequence, 
however, which correlates better with “ground state aromatic character”, 
viz., furan, pyrrole, thiophene, benzene, has been observed in the gas- 
phase ionization process, 168 but results for electrophilic substitution appear 
to be anomalous. 169 


G. Summary 

The criteria for aromaticity described in the preceding sections have 
been used rather unevenly and are of varying reliability and utility. A 
brief critical summary and comparison of the various methods is now 
attempted. 

The electronic model is almost invariably invoked: IR and UY spectra 
are easy to obtain and are required for proper characterization—but the 
information obtained is highly qualitative. Certain aspects of the magnetic 
model are also easy to apply, and high hopes have been held for the mag¬ 
netic model as a criterion of aromaticity. Indeed, it does provide useful 
qualitative criteria, but chemical shifts and coupling constants are sensitive 
to other structural and environmental influences so as to hinder quantita¬ 
tive application. 

The geometric model is probably well based, but is difficult to apply, 
needing highly accurate structural parameters. The reactivity model 
and the other miscellaneous methods have not achieved wide usage. 
Energetic criteria remain the most promising: although the combustion 
and hydrogenation methods developed for carbocycles are not easily 
applied, other methods are now available. MO calculations are making 
great progress, but still need experimental confirmation. 

The number of indices aimed at quantifying aromatic character un- 

»s p Fringuelli, G. Marino, and G. Savelli, Tetrahedron 25, 5815 (1969). 

166 T. A. Melent’eva, L. V. Kazanskaya, and V. M. Berezovskii, Dokl. Chem. 175, 624 
(1967). 

167 J. Tirouflet, Congr. Int. Quin. Pure Apl., 15th 1, 1 (1957); in “Advances in Polarogra- 
phy” (I. S. Longmuir, ed.), p. 740. Pergamon, Oxford, 1960; J. Tirouflet and J.-P. 
Chane, C. R. Acad. Sci. 245, 80 (1957); 243, 500 (1956). 

168 P. Linda, G. Marino, and S. Pignataro, J. Chem. Soc. B, 1585 (1971). 

169 S. Clementi and G. Marino, Chem. Commun., 1642 (1970). 
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doubtedly emphasizes the positive interest and effort which this subject 
attracts. It must, however, be stated that a number of these indices 
introduce a quantitative description of a property associated with “aro¬ 
matic” compounds which may or may not be obviously related to the 
chemists’ notions of aromaticity itself. Some indices introduce modifica¬ 
tions and even new definitions of aromaticity. It is indeed a subject for 
debate as to whether an increase in the number of such indices leads to a 
corresponding increase in the understanding of aromatic character. Readers 
may well incline to the view that while the work undoubtedly stimulates 
interest and in many cases a greater comprehension of electronic and 
physicochemical properties, discussions of aromaticity based on the develop¬ 
ment of studies on the thermodynamic stability and geometry of aromatic 
compounds may in the long run prove to be the more enlightening for the 
organic chemist. 


III. The Aromaticity of Individual Heteroaromatic Rings 


A. Three-Membered Heteroaromatic Ring Compounds 

Yol’pin et al. no have compiled an extensive list of structures isoelectronic 
with the cyclopropenium cation, for which stabilization of the two-ir- 
electron systems is possible either by p-p-p or by p-p-d conjugation. A 
summary of the postulated systems is given in Table IX (see also 
Balaban 171 ). Reports of work directed towards the preparation of these 
rings are rather few in number and studies on the aromaticity of the 
structures are correspondingly scarce. A lack of stability may be implied 
for some systems from their propensity to elude preparation, and attempts 
to synthesize the germirene (22) and silirene (23) rings exemplify some 
disappointments in this area. The preparations of both ring systems were 
initially claimed by Yol’pin and his co-workers 170 ' 172 but subsequent studies 
on members of both series of products revealed that the compounds were 
in fact dimers, 173 for which the unsaturated six-membered ring structures 

1,0 M. E. Vol’pin, Yu. D. Koreshkov, V. G. Dulova, and D. N. Kursanov, Tetrahedron 
18, 107 (1962). 

171 A. T. Balaban, Stud. Cercet. Chim. 7, 257 (1959). 

1.2 M. E. Vol’pin, V. G. Dulova, and D. N. Kursanov, Bull. Acad. Sci. USSR, Div. 
Chem. Sci., 649 (1963); L. A. Leites, V. G. Dulova, and M. E. Vol’pin, ibid., 653 (1963). 

1.3 F. Johnson and R. S. Gohlke, Tetrahedron Lett., 1291 (1962); M. E. Vol’pin, Yu. T. 
Struehkov, L. V. Vilkov, V. S. Mastyukov, V. G. Dulova, and D. N. Kursanov, Bull. 
Acad. Sci. USSR, Div. Chem. Sci., 1909 (1963); R. West and R. E. Bailey, J. Amer. 
Chem. Soc. 85, 2871 (1963). 



TABLE IX 


Postulated Three-Membebed Heteroaromatic Compounds 170 



Structure 

Heteroatoms (X = ) 

T7 

X 

— ¥ 

B, Al, Ga, In, Tl. P, As, Sb. 

R 

H 


w 

X 


(Si, Ge, Sn)“ 

R 



77 

x^ 

r' r 

— w 

.x7 

R R 

Si, Ge, Sn, Pb 

¥ 


(N, P, As, Sb)“ 

¥ 

R-^R 

— w 

R'^R 

P, As, Sb 

77 

x v 

R 'O 

— w 

X 

R O' 

P, As, Sb 

¥ 

— w 

X 

S, Se, Te 

77 

x + 

— w 

X 

S, Se, Te 

R 

R 


77 

X 

— w 

X 

S, Se, Te 

o 

O' 


T7 

o' "o 

— ¥ 
o' o 

S, Se, Te 

¥ 

x + 

— ¥ 

Halogen 


Series expected to be highly unstable. 
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(24) and (25) have either been proposed or proven. Attempts to prepare 
triphenylborirene (26) were equally disappointing in that only products 
which may have been derived from it were obtained. 174 



(22) (23) (24) (25) (26) 


Recent work, however, on some of the sulfur-containing rings has 
proved more profitable. Both the sulfone (27) 176 and sulfoxide (28) 176 



(27) (28) 


have been isolated but as yet the compounds have not been examined under 
the criteria discussed in the earlier sections. The sulfoxide is more stable 
than the sulfone, which in turn shows an enhanced stability over the 
saturated analog. Compelling evidence has also been presented 177 for the 
intermediacy of the thiirenium cation (30) in the unimolecular conversion 
of the /3-arylthiovinyl benzenesulfonates (29) into benzo[6]thiophene 
derivatives (31). Nonempirical SCF-MO calculations 178 show that the 


Ph 



(29) (30) (31) 


thiirenium ion (32) is substantially (65.9 kcal mole -1 ) more stable than 

174 J. J. Eisch and L. J. Gonsior, J. Organometal. Chem. 8, 57 (1967). 

175 L. A. Carpino, L. V. McAdams, R. H. Rynbrandt, and J. W. Spiewak, J. Amer. 
Chem. Soc. 93, 476 (1971). 

176 L. A. Carpino and Hung-Wen Chen, J. Amer. Chem. Soc. 93, 785 (1971). 

177 G. Capozzi, G. Melloni, G. Modena, and U. Tonellato, Chem. Commun., 1520 (1969). 

178 A. S. Denes, I. G. Csizmadia, and G. Modena, J. Chem. Soc. D, 8 (1972). 
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the linear /3-thiovinyl cation (33). A calculation on azacyclopropenyl 
[azinium ion, 34] has given a value of 1.58/3 for its DE 179 



(32) (33) (34) 

By contrast, special instability (antiaromaticity) is to be expected for 
the three-membered rings containing a heteroatom with lone pairs of 
electrons. The thiirene 161 and oxirene 180 ring systems have been subjects 
of calculations which indicate zero DE, while Clark 181 and Dewar et al. 13 
have predicted that the latter should have negative resonance energy. 
The l//-azirine (2-azirine) nucleus 35 is similarly referred to as being 
antiaromatic 13 ’ 181-183 and has been observed to rearrange to the non¬ 
aromatic 1-azirine system 36. 183 


(35) (36) 

B. Four-Membered Heteroaromatic Ring Compounds 

Either two-7r- or six-7r-electron systems could in principle be developed 
over a four-membered ring but there appears to be a paucity of published 
work in this field. Krespan and co-workers 184 have described the prepara¬ 
tion of 3,4-bis(trifluoromethyl)-l,2-dithietene (37) from the reaction 
of hexafiuoro-2-butyne and sulfur; 37 is thermally stable, but is converted 
into its dimer on treatment with triethylamine. Equilibration studies, 
however, revealed that the monomer is the more stable species at 200°. 
More recently a nitrogen analog, the A 3 -l, 2-diazetine (38) has been 
described and it does not appear to sustain a diamagnetic ring current. 
This, together with the slow cleavage of the nitrogen-nitrogen bond even 

178 G. R. Harvey and K. W. Ratts, J. Org. Chem. 31, 3907 (1966). 

188 R. N. McDonald and P. A. Schwab, J. Amer. Chem. Soc. 86, 4866 (1964). 

181 D. T. Clark, Theor. Chim. Acta 15, 225 (1969). 

188 F. W. Fowler and A. Hassner, J. Amer. Chem. Soc. 90, 2875 (1968). 

183 D. J. Anderson, T. L. Gilchrist, and C. W. Rees, Chem. Commun., 147 (1969). 

181 C. G. Krespan, J. Amer. Chem. Soc. 83, 3434 (1961); C. G. Krespan, B. C. McKusick, 
and T. L. Cairns, ibid. 82, 1515 (1960). 
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P 

1 -N. 


-COaMe 

'COjMe 


(37) 


(38) 


at room temperature, appears to rule out any substantial six-ir-electron 
delocalization. 186 

Potential six-ir-electron anions containing sulfur which have been con¬ 
sidered are the thieto anion 39 186 and its benzofused analog 40. 187 Both 
were predicted to be unstable, however, and have not, to our knowledge, 
been prepared. Steric strain and unfavorable energy characteristics have 
also been predicted 161 for the trithietanylium ion. An attempt, however, 
to prepare a derivative (41 ) 188 gave a compound which may well have 


a 



(39) (40) (41) 

the required ring system, but the possibility that the compound isolated 
was a dimer could not be excluded. 


C. Five-Membered Heteroaromatic Ring Compounds 

1. Thiophene, Pyrrole, Furan, and Analogs 
Properties of various compounds discussed in this section from which 
evidence for or against aromatic character can be drawn have been sur¬ 
veyed in recent reviews. Marino 189 has discussed the aromaticity of furan, 
pyrrole, and thiophene, Jones 190 has extensively surveyed the physico¬ 
chemical properties of pyrrole, and Magdesieva 68 those of selenophene. 
Earlier reviews are available on the properties of furan, 191 pyrrole, 192 
and thiophene. 193 To avoid unnecessary duplication only a summary of the 
extensive data is presented here. 

186 E. E. Nunn and R. N. Warrener, J. Chem. Soc. D, 818 (1972). 

186 D. C. Dittmer and M. E. Christy, J. Amer. Chem. Soc. 84, 399 (1962). 

187 It. Zahradnfk and C. Pdrkdnyi, Collect. Czech. Chem. Commun. 30, 3016 (1965). 

188 E. Campaine, M. Pragnell, and F. Haaf, J. Heterocycl. Chem. 5, 141 (1968). 

189 G. Marino, Advan. Heterocycl. Chem. 13, 235 (1971). 

190 R. A. Jones, Advan. Heterocycl. Chem. 11, 383 (1970). 

191 P. Bosshard and C. H. Eugster, Advan. Heterocycl. Chem. 7, 377 (1966). 

192 K. Schofield, “Heteroaromatic Nitrogen Compounds: Pyrroles and Pyridines,” 
Butterworths, London, 1967. 

193 S. Gronowitz, Advan. Heterocycl. Chem. 1, 1 (1963). 
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A consideration of the results of molecular structural determinations of 
furan, 194 pyrrole, 196 thiophene, 196 and selenophene 197 ’ 198 shows that bond 
alternation as exemplified by the ratio ( R ) of the C-2-C-3 to C-3-C-4 
bond lengths decreases in the order, furan (R = 0.950), selenophene 
(R = 0.956), pyrrole (R = 0.959), and thiophene (R =0.964). Whether 
this corresponds to an aromaticity scale, 189 considering that the bond angles 
at the heteroatom are widely divergent, is a matter for debate. The X-ray 
structure determination 199 of 1,2,5-triphenylphosphole is discussed later. 

Of the ring systems considered in this section, thiophene, pyrrole, and 
furan have received the most extensive study and much of this has been 
of a comparative nature. As can be seen from Table X, these compounds 
have been compared by nearly all of the criteria by which aromaticity 
may be assessed. Although there are one or two discrepancies in the order 
of aromatic character as estimated by these criteria, the general conclusion 
to be drawn is that aromatic character decreases in the order benzene, 
thiophene, pyrrole, and furan. This order is also supported from studies 
of the Faraday effect, 163 although the KK index (Section II,E) reverses 
the position in the order of thiophene and benzene. 167 

Comparison of the chemical shifts of the formyl protons in benzaldehyde 
and furfural suggests that the latter has the smaller ring current, 122 and 
the difference between the chemical shifts of the protons at C-2 and C-3 
in thiophene, 200 selenophene, 201 and furan 201 has been cited 68 as evidence 
for the greater aromatic character of thiophene. PMR data suggest that 
tellurophene sustains a ring current. 97 The effect of 1-substituents on the 
ring current in the pyrrole ring has been discussed, and it was concluded 
that there is no evidence that the substituent causes any appreciable 
variation. 202 Proton chemical shift data for 2,5-dimethyl-l-phenylarsole 
are comparable to the data for the corresponding phosphole 203 ; discussion 


194 B. Bak, D. Christensen, W. B. Dixon, L. Hansen-Nygaard, J. Rastrup-Andersen, and 
M. Schottlander, J. Mol. Spectrosc. 9, 124 (1962). 

196 P. Bak, D. Christensen, L. Hansen-Nygaard, and J. Rastrup-Andersen, J. Chem. 
Phys. 24, 720 (1956). 

196 B. Bak, D. Christensen, L. Hansen-Nygaard, and J. Rastrup-Andersen, J. Mol. 
Spectrosc. 7, 58 (1961). 

187 N. M. Pozdeev, O. B. Akulinin, A. A. Shapkin, and N. N. Magdesieva, Dokl. Akad. 
Nauk. SSSR 185, 384 (1969). 

198 R. D. Brown, F. R. Burden, and P. D. Godfrey, J. Mol. Spectrosc. 25, 415 (1968). 

199 W. P. Ozbirn, R. A. Jacobson, and J. C. Clardy, Chem. Commun., 1062 (1971). 

200 R. A. Hoffman and S. Gronowitz, Ark. Kemi 15, 45 (1960). 

201 T. Isobe, Bull. Chem. Res. Inst. Non-Aqueous Solutions, Tohoku Univ. 9, 115 (1960). 

202 R. A. Jones, T. McL. Spotswood, and P. Cheuychit, Tetrahedron 23, 4469 (1967). 

263 G. Markl and H. Hauptmann, Tetrahedron Lett., 3257 (1968). 



Data 


ERE (Thermochemical data) A, 1 

Conjugation energy A, 1, a 

Dewar resonance energy A, 2 

Aromaticity indexes, A i B 

A 

Diamagnetic susceptibility exaltation D, 1 

Chemical shifts (a) o-protons D, 1, 2 

(b) 0-protons 

Anisotropy D, 1 

Ring current susceptibility D, 1, 2 

Ring currents (a) calculated D, 1, 2 

(b) via chem. shifts D, 2 

(c) via chem. shifts D, 2 

(d) via Cotton-Mouton studies D, 2 

Dilution shift approach D, 4 

Solvent shift S D,1 

Aromaticity constants K F, 1 


“ All Section references in Section II. 

6 Cf. 27 kcal mole -1 obtained from basicity measurements. 
' L. M. Jackman and S. Stemhell, in “Applications of Ni 
p. 209. Pergamon Press, New York, 1969. 


TABLE X 
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Fig. 1 . Bond lengths of 1,2,5-triphenyIphosphoIe. 199 

of PMR data for phospholes appears below. 13 C Chemical shifts of 
thiophene, pyrrole, and furan and some methyl derivatives have been re¬ 
ported, but conclusions regarding the aromaticity of the rings are difficult 
to draw; however, it was suggested that the anisotropy effect in thiophene 
is about half that in benzene. 148 

The sensitivity to substituent effects (Section II,F, 4), which has been 
regarded by some authors to be an indirect measure of aromatic character, 
gives orders of aromaticity 163 ' 168 204 benzene, thiophene, pyrrole, furan and 
also thiophene, selenophene, furan, pyrrole. 

The question of aromaticity of the phosphole ring system centers 
closely on whether the phosphorus atom is sp 2 -hybridized, allowing 2p 4p 
7r-electron delocalization or sp 3 -hybridized, where hybridization minimizes 
overlap of the lone pair with the ir-system. A recent X-ray crystallographic 
study 199 on 1,2,5-triphenylphosphole has shown that the phosphorus atom 
indeed approaches sp 3 hybridization and that the heterocyclic ring itself 
is nonplanar. The bond lengths, which are similar to those of butadiene, 
are shown in Fig. 1; the results therefore imply a lack of substantial 
aromatic character. Mislow et al., a little earlier, investigated the barriers 
to phosphorus inversion in l-isopropyl-2-methyl-5-phcnylphosphole (42) 206 



iPr 


(42) 

and subsequently extended their study to a range of other phospholes and 
benzophospholes. 206 They found that the barriers to inversion were sub¬ 
stantially lower than the barriers observed in saturated phosphorus 
compounds. Thus the barrier to inversion of the P atom in 42 is of the 
order of 16 kcal mole -1 (some 23 kcal mole -1 lower than in model 
systems 206 ), and they associated this with the increased delocalization 

204 D. Spinelli, G. Guanti, and C. Dell’Erba, Ric. Sci. 38, 1048 (1968); Chem. Abstr. 
71, 25195w (1969). 

296 W. Egan, R. Tang, G. Zon, and K. Mislow, J. Amer. Chem. Soc. 92, 1442 (1970). 

209 W. Egan, R. Tang, G. Zon, and K. Mislow, J. Amer. Chem. Soc. 93, 6205 (1971). 
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(aromaticity) of the planar transition state. Studies on benzophospholes 
showed a decreased aromaticity (of the planar form) relative to that of 
the planar monocyclic ring. Brown 207 had earlier calculated a DE of 1.49/3 
for the planar phosphole ring (cf. pyrrole 1.57/3 and arsole 1.45/3) using 
the HMO method. 

Earlier thermochemical data 208 on the phosphole ring system may, 
however, be interpreted as showing that the ground state also has some 
resonance stabilization, and the presence of an M+ peak in the mass 
spectrum of 1-methylphosphole has been considered by Quin et al. 4S to 
typify heteroaromatic five-membered ring compounds. Various authors 
have cited PMR chemical shift data, e.g., of 2,5-dimethyl-l-phenyl- 
phosphole, 209 1-phenylphosphole, 210 and 1-mcthylphosphole 48 as possible 
evidence of aromatic character, but this does not seem particularly con¬ 
clusive. Quin et al . 48 attributed the large value of J 23 = 7.24 Hz in 1-methyl- 
phosphole (cf. pyrrole 2.4-3.1 Hz) to ring angle effects, but if, as now 
seems likely, the nonplanar ground state has little aromatic character, 
then an interpretation in terms of a high degree of double-bond character 
may be more appropriate. The UV spectral absorptions of 1-methyl¬ 
phosphole differ from those of divinylalkyl phosphine and resemble that 
of 1-methylpyrrole, but the latter resemblance may be coincidental. It 
should be noted that chemical evidence provides a somewhat divided 
view over the aromatic character of phospholes: see Campbell et a/. 211 
and compare Farnham and Mislow. 212 

In conclusion, it would appear that the available data on the simple 
five-membered heteroaromatic compounds suggest that the greatest 
aromaticity is to be associated with thiophene and that the aromaticity 
then falls along the series pyrrole, selenophene, furan with the ground 
state of the phosphole ring being probably nonaromatic. 

2. Thiophene Oxides and Thiophenium Salts 

The UV spectrum of thiophene-1,1-dioxide 213 ' 214 (43) is very different 
from that of thiophene and resembles, at least qualitatively, that of 

207 D. A. Brown, J. Chetn. Soc., 929 (1962). 

208 A. F. Bedford, D. M. Heinekey, I. T. Millar, and C. T. Mortimer, J. Chem. Soc., 
2932 (1962). 

209 G. Markl and R. Potthast, Angew. Chem. Ini. Ed. Engl. 6, 86 (1967). 

210 G. Markl and R. Potthast, Tetrahedron Lett., 1755 (1968). 

211 I. G. M. Campbell, R. C. Cookson, M. B. Hooking and A. N. Hughes, J. Chem. Soc., 
2184 (1965); A. N. Hughes and S. Uabooukul, Tetrahedron 24, 3437 (1968). 

212 W. B. Farnham and K. Mislow, J. Chem. Soc. D, 469 (1972). 

213 W. J. Bailey and E. W. Cummins, J. Amer. Chem. Soc. 76, 1932 (1954). 

214 M. Prochdzko, Collect. Czech. Chem. Commun. 30, 1158 (1965). 
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cyclopentadiene. A further dissimilarity between the spectra of thiophene 
and its 1-monoxide argues for reduced aromaticity of the latter system 
also. From the NMR spectrum of 2,5-di-terf-octylthiophene-l-oxide 216 
(44); which shows nonequivalence of the methylene protons at —10° 
but equivalence at 60°, the sulfoxide group was concluded to be pyramidal 
with a barrier to interconversion of ~15 kcal mole -1 , a barrier some 20 
kcal mole -1 lower than in other sulfoxides. As in the case of phospholes 206 
(preceding section) it can be argued that this lowering of the inversion 
barrier is due to an increase in the aromaticity as the ring becomes planar. 
It has also been pointed out, 216 however, that it could equally be derived 
from the relief of antiaromatic destabilization associated with the pyramidal 
form. 


Q 

O' '"O 

(43) 

Thiophenium (45) and benzothiophenium salts have also been in¬ 
vestigated recently by physical methods. The NMR spectra show that the 
ring protons absorb in the aromatic region, 216 ' 217 but clearly a separation 
of the ring current effect from the effect of the positive charge is difficult. 
The salts appear to possess a pyramidal sulfur atom, 217 which argues for a 
decrease in the aromaticity of these compounds relative to thiophene. 
The UY spectra of the salts are different from the spectra of the parent 
rings and resemble more closely the spectra of thiophene 1-oxide and 
thiophene 1,1-dioxide, which has been cited 217 as further evidence for 
reduced aromaticity of the salts. 


A 

(Me) 2 C"^S^C(Me) a 
.CH 2 O. h 2 c^ 

(Me)jC C(Me) s 


R" 


R= Me orEt 
R' = H or Me 
R'--Hor Me 

(45) 


215 W. L. Mock, J. Amer. Chem. Soc. 92, 7610 (1970). 

216 G. C. Brumlik, A. I. Kosak, and R. Pitcher, J. Amer. Chem. Soc. 86, 5360 (1964). 

217 R. M. Acheson and D. R. Harrison, J. Chem. Soc. C, 1764 (1970). 
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3. Imidazole, Pyrazole, Thiazole, Isothiazole, and Oxazole 

ERE and “conjugation energy” data are available for both imidazole 
and pyrazole but the range of values is extremely wide (Table II). The 
trend suggests that pyrazole is more aromatic than both imidazole and 
pyrrole. Recent LCAO-SCF calculations on various azoles, 218 however, 
lead to the conclusion that the stability of azoles decreases on increasing 
substitution of nitrogen atoms for carbon atoms, with the stabilities of 
pyrazole and imidazole being comparable. A crystal structure investigation 
of imidazole at -150° showed that the ring is completely planar within 
the limits of the experimental error, with the following bond lengths: 
N-l-C-2 1.349 A; C-2-N-3 1.326 A; N-3-C-4 1.378 A; C-4-C-5 1.358 A; 
and C-5-N-1 1.369 A . 219 An estimate of the relative importance of all 
reasonable resonance canonicals showed that the ring is well represented 
by the neutral structure representation. PMR shifts for imidazoles, 220 
pyrazoles, 221 and pyrrole 222 are comparable and 13 C NMR spectral data 
for imidazole have been advanced as evidence for the existence of an 
appreciable ring current anisotropy. 148 

Analysis of the microwave spectrum of thiazole has shown that the 
structure is very close to an average of the structure of thiophene and 
1,3,4-thiadiazole. 223 The ring protons of thiazoles and the methyl protons 
in methylthiazoles 92 ' 224 ' 226 are deshielded relative to signals from the cor¬ 
responding imidazoles. PMR data for a large number of isothiazoles have 
been presented, including those for the parent compound. 226 ' 227 The latter 
are said to be in good agreement with an early Hiickel MO 7r-electroD 
density calculation 228 and Elvidge 119 has interpreted the NMR data as 
evidence that the ring has the same degree of aromatic character as benzene. 

PMR data for 4-methyloxazole have been compared with those of 
4-methylthiazole but no conclusions were drawn about the ring currents, 
although the data clearly show that the ring protons in each are de- 

218 M. Roche and L. Pujol, J. Chim. Phys. 68, 465 (1971). 

219 S. Martinez-Carrera, Acta Crystallogr. 20, 783 (1966). 

220 G. S. Reddy, R. T. Hobgood, and J. H. Goldstein, J. Amer. Chem. Soc. 84, 336 (1962); 
A. Mannschreck, W. Seitz, and H. A. Staab, Ber. Bunsenges. Phys. Chem. 67, 470 
(1963). 

221 I. L. Finar and E. F. Mooney, Spedrochim. Ada 20, 1269 (1964). 

222 N. Joop and H. Zimmermann, Ber. Bunsenges. Phys. Chem. 66, 440 (1962). 

223 L. Nygaard, E. Asmussen, J. H. H0g, R. C. Maheshwari, C. H. Nielsen, I. B. Petersen, 
J. Rastrup-Andersen, and G. O. Sorensen, J. Mol. Structure 8, 225 (1971). 

224 T. Schaefer and W. G. Schneider, J. Chem. Phys. 32, 1224 (1960). 

226 A. Taurins and W. G. Schneider, Can. J. Chem. 38, 1237 (1960). 

226 H. A. Staab and A. Mannschreck, Chem. Ber. 98, 1111 (1965). 

227 R. C. Anderson, J. Heierocycl. Chem. 1, 279 (1964). 

228 A. Adams and R. Slack, J. Chem. Soc., 3061 (1959). 
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shielded. 229 In a comprehensive study of a range of oxazoles, Brown and 
Ghosh 230 also reported NMR data but avoided drawing conclusions from 
them, and instead they based a discussion of resonance stabilization on pK „ 
and UY spectral data. They argued that the feeble basicity of oxazole 
(pifa 0.8) relative to 1-methylimidazole (pif a 7.44) and thiazole (pAT a 
2.44) demonstrates that any delocalization of the oxygen lone pair, which 
they suggest would have a base-strengthening effect on the N atom, is 
not extensive. Their UY spectrum of 2,4-diphenyloxazole (46) is an ap¬ 
proximate superimposition of the 2- and 4-phenyloxazole absorptions, 
which rather elegantly suggests that the charge-separated canonical form 
46b is unimportant. They conclude that the ring may best be regarded 
as a “diene.” 


Ph Ph 



(46a) (46 b) 


4. Diheterolium Cation and Related Compounds 

The aromatic character of 1,2-dithiolium and 1,3-dithiolium cations 
(47, 48) has been discussed in an earlier review in this series. 231 In that 
survey these compounds were described as being iso-7r-electronic with 
tropylium ion, from which they may be formally derived by replacing 
double bonds by sulfur atoms. Various calculations and structural data 
were cited to demonstrate that the rings are stabilized by ir-electron 
delocalization. 



(47a) (47b) (47c) (48a) (48b) 


The possibility that the 1,2-dithiolium cations are stabilized by no 
bond resonance structures of type 47c has been considered and discussed 232 
(see also Lozac’h 233 ) in the light of interesting findings such as those of 
Hordvik, 234 who showed that the internal pair of sulfur atoms in 49 is 

228 P, Haake and W. B. Miller, J. Amer. Chem. Soc. 85, 4044 (1963). 

230 D. J. Brown and P. B. Ghosh, J. Chem. Soc. (B), 270 (1969). 

231 H, Prinzbaeh and E. Futterer, Advan. Heterocycl. Chem. 7, 39 (1966). 

232 E. Klingsberg, J. Heterocycl. Chem. 3, 243 (1966). 

233 N. Lozae’h, Advan. Heterocycl. Chem. 13, 161 (1971). 

234 A. Hordvik, Acta Chem. Scand. 19, 1253 (1965). 
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separated by only 3.00-3.10 A, which is indicative of partial bonding 
between this pair, i.e., participation of canonical forms 49b and 49c. 



(49c) 

The NMR spectrum of 2-hydroxy-l ,3-dioxolium cation (50), obtained 
by dissolving vinylene carbonate (51, X = Y = O) in a sulfur dioxide 
solution of 1:1 fluorosulfonic acid and antimony pentafluoride, has been 
discussed by Olah and White. 235 The signals for the ring protons in the 
cation arc shifted downfield relative to the olefinic protons in the neutral 
compound to an extent which was associated with the presence of a signifi¬ 
cant ring current in the cation. That the starting vinylene carbonate fulfils 
the conditions for aromaticity was pointed out earlier by Balaban, 171 and 
this same author has recently reviewed 236 the scant chemical and physical 
data available for this series and its analogs. 


r^\ 

°T° 


f=\ 

Y 


1,2-Dithiole-3-ones and 1,2-dithiole-3-thioncs appear to be nearly planar 
and Brown el al. 237 examined the PMR spectra of a large number of com¬ 
pounds in this series, but it was not possible to make any firm conclusion 
concerning the aromaticity of the systems, although it seems likely that 
the order of the C-4-C-5 bond is less than 2. More recently 238 linear correla- 


235 G. A. Olah and A, M. White, J. Amer. Chem. Soc. 90, 1884 (1968). 

236 A. T. Balaban, Rev. Roum. Chim. 14, 1323 (1969). 

237 R. F. C. Brown, I. D. Rae, and S. Sternhell, Aust. J. Chem. 18, 1211 (1965). 

238 D. M. McKinnon and T. Schaefer, Can. J. Chem. 49, 89 (1971). 
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tions have been found between two bond proton- 13 C couplings and cisoid 
proton-proton couplings in a series of ethylenic compounds and again for 
some aromatic compounds: the compounds 51, X = Y = 0; 51, X = Y = 
S; and 51, X = S, Y = 0, more closely follow the correlation for the olefins 
than that followed by benzene, furan, and thiophene. 


5. Compounds Containing Three Heteroatoms 

Trends become obscured as the number of heteroatoms in the ring 
becomes larger. Assessment of the strong downfield shift of ring protons 
in terms of ring currents for systems where the ring is electron-deficient is 
particularly difficult, and this problem has been discussed in some detail 
by Weinstock and Poliak. 93 What does appear to be clear is that the 
aromatic character is rather critically dependent upon the position of 
the heteroatoms in the ring, and second, as was already apparent in 
Section III,C, 3 that oxygenated compounds have marked diene character. 
1,2,4-Triazole has been subject to various ERE determinations which 
have given values ranging between 20.0 and 49.2 kcal mole -1 (Table II). 
LCAO-SCF calculations, 218 however, suggest that the ring is substantially 
less stable than the diazoles but more stable than tetrazole. It is of some 
interest that a good linear relationship between 7r-electron density for 
triazoles and diazoles (as calculated by the simple MO method) and 
13 C chemical shifts appears to exist. 147 

The existing evidence for aromatic character in 1,3,4-thiadiazole 
(52) and 1,2,5-thiadiazole (53) is compatible with the conclusion that 
both these compounds may well be regarded as aromatic. In particular, 
Bak et al. m analyzed the microwave spectrum of 1,3,4-thiadiazole (52) 
and, after appraising previous structural determinations of thiophene 
(54), 196 1,2,5-thiadiazole (53), 239 and 1,2,5-oxadiazole (55), 240 derived 
the following order of decreasing aromaticity based on bond lengths: 
53, 54, 52, 55, 56. The data for 1,2,5-oxadiazole 240 obtained from an 


N—N 


o 


analysis of the microwave spectrum demonstrate that the molecule is 
planar with a C=N bond length of 1.300 A, intermediate between that of 


39 S. V. Dobyns and L. Pierce, J. Amer. Chem. Soc. 85, 3553 (1963). 

40 E. Saegebarth and A. P. Cox, J. Chem. Phys. 43, 166 (1965). 
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formaldoximc (1.270 A) and pyridine (1.340 A), 241 and is suggestive of a 
high degree of “diene” character. Subsequently Bak et al. m compared 
the data with those obtained by Scharpen and Laurie 242 for cyclopentadiene 
and concluded that 1,2,5-oxadiazole has some small degree of aromatic 
character. Derivatives of 1,2,4-oxadiazole (56) have been investigated 
by Moussebois and Oth. 243 They examined UY and NMR data and con¬ 
cluded that there is no evidence of resonance interaction between the 
oxygen atom and the rest of the ring. 

Perhaps the most studied of oxadiazoles are the sydnones and some 
views on their aromatic character are summarized here. For detailed 
reviews the reader is referred to Ohta and Kato, 244 Bloor et ah 246 Stewart, 246 
and Baker and Ollis. 247 The sydnones may be represented by structures 
57a-d, of which the mesoionic structure 57a most clearly implies an 
aromatic sextet. 



(57a) (57b) (57c) (57d) 


Baker and Ollis 247 have advanced UY data as evidence for aromatic 
character, while a mean value for the diamagnetic susceptibility exaltation 
for Y-phenyl sydnone of 11.0 X 10 -6 cm 3 mole -1 is comparable with the 
corresponding values for pyrrole (10.2 X 10 -6 ), furan (8.9 X 10 -6 ), and 
thiophene (13.0 X 10 -6 ) 84 (cf. Matsunaga 248 ). NMR data have been 
cited, however, as both “the strongest proof of the aromaticity of syd¬ 
nones 249 ” and “difficult to reconcile with the mesoionic formulation.” 246 
An X-ray analysis 260 of 3-p-bromophenylsydnone (57, R = H; R' = p- 
bromophenyl) has demonstrated that the ring is essentially planar with 
the O-N bond and O-l-C-5 bond not significantly different from normal 
single-bond distances. Together with an exocyclic O-C-5 bond length of 

241 B. Bak, L. Hansen-Nygaard, and J. Rastrup-Andersen, J. Mol. Spedrosc. 2, 361 
(1958). 

242 L. H. Scharpen and V. W. Laurie, J. Chem. Phys. 43, 2765 (1965). 

243 C. Moussebois and J. F. M. Oth, Helv. Chim. Ada 47, 942 (1964). 

244 M. Ohta and H. Kato, in “Nonbenzenoid Aromatics” (J. P. Snyder, ed.), Vol. 1, 
p. 117. Academic Press, New York, London, 1969. 

246 J. E. Bloor, B. R. Gilson, and F. P. Billingsley, Theor. Chim. Ada 12, 360 (1968). 

246 F. H. C. Stewart, Chem. Rev. 64, 129 (1964). 

247 W. Baker and W. D. Ollis, Quart. Rev. 11, 15 (1957). 

248 Y. Matsunaga, Bull. Chem. Soc. Jap. 30, 227 (1957). 

248 K. D. Lawson, W. S. Brey, and L. B. Kier, J. Amer. Chem. Soc. 86, 463 (1964). 

250 H. Barnighausen, F. Jellinek, J. Munnik, and A. Vos, Ada Crystallogr. 16, 471 (1963). 
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1.20, which corresponds to a double bond, these data would argue against 
the more obviously aromatic formulations 57a and 57b. More recently, 
two sets 245 ' 251 of MO calculations have been reported which further suggest 
that the formulation of the compounds as resonance-stabilized azomethine- 
imine structures is the most appropriate, and a combined MO-ESCA 
investigation 62 has been interpreted in terms of structure 58. 



(56) 


Earlier a Russian group calculated, 262 using the simple LCAO-MO 
method, the electronic skeleton of sydnone (59), sydnoncimine (60), 
the acyl derivative (61) of the latter, and derived cations of types 62 and 
63, and they concluded that the electron delocalization increased in the 
series 60, 62, 59, 61, and 63. 


N-C 

*LAo 


N- S 

V' 


'N 

C 

O 


(61) 


N—C 



(62) 


N—C 



■N—H 


C 

O 


(63) 


6. Some Benzo Derivatives 


ERE determinations of indole have given results ranging from 4 I S to 
57.6 kcal mole -1 . 263 Dewar et oZ. 10 - 12 have calculated Dewar resonance 
energies for various benzo-fused compounds and obtained the following 
orders of decreasing resonance energy: benzo[6]thiophene, 24.8 kcal 
mole -1 ; indole, 23.8 kcal mole -1 ; benzo[6]furan, 20.3 kcal mole -1 . However, 


251 K. Sundaram and W. P. Purcell, Int. J. Quant. Chem. 2, 145 (1968). 

262 D. A. Bochvar and A. A. Bagatur’yants, Russ. J. Phys. Chem. 39, 867 (1965). 

263 H. Zimmermann and H. Geisenfelder, Z. Electrochem. 65, 368 (1961). (Sec also 
Cook et oZ. 50 and Lloyd 51 for application of basicity data.) 
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in the isomeric series the order is somewhat different in that isoindole is 
the most aromatic: isoindole, 11.6 kcal mole -1 ; benzo[c]thiophcne, 9.3 
kcal mole -1 ; benzo[c]furan, 2.4 kcal mole -1 . The ultraviolet absorption 
spectrum of indole has been compared 254-256 with those of indene and 
indolizine (64), and the dissimilarity with that of indene argues for tt- 
electron delocalization in indole, but this is not as complete as in the 
indolizine nucleus. As would be expected the UY spectrum of the N,N- 
dimethylindolium cation resembles that of indene. From an analysis 257 
of the PMR spectrum of benzo[6]thiophene it has been suggested that 
the ring current in the heterocyclic ring is not significantly less than that 
in benzene. It was further deduced from the ortho coupling constants that 
the partial bond fixation and aromaticity of the system are comparable 
to those of naphthalene. More surprising perhaps, in view of the calcula¬ 
tions of the Dewar resonance energy, is that benzo[c]furan 258 269 exhibits 
an NMR spectrum which implies that the structure supports a strong 
diamagnetic ring current. Its UY spectrum 269 appears to be similar to that 
of benzo[c]thiophene. 260 Recent studies of the barriers to heteroatom in¬ 
version in the benzo[6]phosphole 206 and benzo[6]arsole 261 structures 
(compare Section III, C, 1) imply (4p + 2p) electron delocalization 
which is maximal in the planar transition state of the inversion process. 



(64) 


Introduction of a second nitrogen atom into the five-membered ring 
of indole causes an increase in the ERE of the system (Table II, Section 
II,A, 1). The series 1,3-benzoselenazole (65a), benzothiazole (65b), and 
benzoxazole (65c) has been investigated by PMR spectroscopy, and the 
deshielding effect on the methyl protons on changing the heteroatom X is 
in the opposite sense to the electronegativity of the atom. 262 The authors 
suggested that this may be explained qualitatively in terms of decreasing 
aromaticity in the order 65a, 65b, 65c. 

2H J. M. Hollas, Spectrochim. Acta 19, 753 (1963). 

266 R. L. Hinman and J. Lang, J. Org. Chem. 29, 1449 (1964). 

259 S. F. Mason, /. Chem. Soc., 3999 (1963). 

267 K. D. Bartle, D. W. Jones, and R. S. Matthews, Tetrahedron 27, 5177 (1971). 

258 D. Wege, Tetrahedron Lett., 2337 (1971). 

269 R. N. Warrener, J. Amer. Chem. Soc. 93, 2346 (1971). 

260 R. Mayer, H. Kleinert, S. Richter, and K, Gewald, J. Prakt. Chem. 20, 244 (1963). 

261 R. H. Bowman and K. Mislow, J. Amer. Chem. Soc. 94, 2861 (1972). 

262 G. Di Modica, E. Barni, and A. Gasco, J. Heterocycl. Chem. 2, 457 (1965). 
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(65a) X = Se 
(65b) X = S 
(65c) X = O 


Evidence for aromatic character of 2,1,3-benzoselenadiazole (66a), 
2,1,3-benzothiadiazole (66b), and 2,1,3-benzoxadiazole (66c) has been 
discussed in a review article. 263 The effect of the heteroatom X on the ring 
is similar to that in the previous system, thus a decreasing scale, 66a, 
66b, 66c, is again suggested. The reviewer emphasized the importance of 
resonance canonicals of type 67 for 2,1,3-benzoselena- and 2,1,3-benzo- 



(66a) X = Se 
(66b) X = S 
(66c) X = O 
(66d) X = NMe 



X = Se or S 

(67) 


thiadiazoles, although for the latter case the opposite view has been drawn 
from coupling constant data. 264 A further analysis 121 of the NMR spectrum 
of 66b has led a Russian group to the conclusion that the compound is 
less aromatic than naphthalene. The same conclusion has been reached and 
extended to include 1,2,3-benzothiadiazole (68a), 2-methylbenzotriazole 
(66d), 1-methylbenzotriazole (68b), and 2,1,3-benzoxadiazole (66c) by 
Katritzky et ah 264 who measured the ortho proton-proton coupling constants 
and, on assuming that these related to bond fixation and hence aromatic 
character, drew a scale of decreasing aromaticity: 68a, 68b, 66d, 66b, 
66c. The ratios of J 56 : J 45 (Section II,D, 3) for these compounds are 
0.859, 0.824, 0.781, 0.748, and 0.706, respectively. 



(68a) x = s 
(66b) X = NMe 


The NMR spectrum of the cationic species 69, obtained in an S0 2 
solution at —40°, shows the heterocyclic ring proton to be substantially 


V. G. Pesin, Russ. Chem. Rev. 39, 923 (1970). 

A. J. Boulton, P. J. Halls, and A. R. Katritzky, Org. Magn. Res. 1, 311 (1969). 
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more deshielded than the corresponding proton in 70, and this is considered 
evidence for a ring current in 69 266 ; cf. the data for the cation derived from 
vinylene carbonate (Section III,C, 4). Some degree of aromaticity has 
been suggested 236 for o-phcnylene carbonate (71) and the fulvene derivative 
(72). The UY spectrum of the cation derived from 71 has been interpreted 
in terms of 7r-electron delocalization. 



(72) 


Dewar and co-workers have provided (Section II,A, 2) results of 
calculations of the Dewar resonance energy of some five-membered ring 
compounds fused to two benzene rings and the results demonstrate that a 
second benzene ring causes a further reduction in the aromaticity of the 
heterocyclic ring (see Table III). Values reported were dibenzofuran, 
39.9; carbazole, 40.9; and dibenzothiophene, 44.6 kcal mole -1 . Frasca 266 
has examined the NMR spectra of the same three compounds together 
with that of fluorene and concludes that the ring current increases in the 
order fluorene, dibenzofuran, carbazole, dibenzothiophene. Basicity studies 
provide a value of 78 kcal mole -1 for the ERE of carbazole. 60 


D. Six-Membered Heteroaromatic Ring Compounds 
1. Pyridine 

Pyridine is one of the most important heterocyclic analogs of benzene 
and its aromaticity has been examined under a large number of the quanti¬ 
tative criteria discussed in the earlier sections. Qualitatively, substitution 
of an sp 2 nitrogen atom for one of the sp 2 carbon atoms of benzene brings 
about a perturbation of the ideal hexagonal structure because of the 
different lengths of the C-N and C-C bonds, different bond angles about 


266 H. Volz and G. Zimmermann, Tetrahedron Lett., 3597 (1970). 

286 A. R. Frasca, An. Asoc. Quim. Argent. 56, 149 (1968); Chem. Abstr. 74, 63625f (1971). 
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nitrogen and carbon, and the enhanced electronegativity of nitrogen over 
carbon. The precise geometry of the pyridine ring has been established 
from an examination of microwave spectra by Bak and co-workers. 241 
The Copenhagen group reports bond lengths of 1.34 A for the N-l-C-2 
bond and 1.39 A for both the C-2-C-3 and C-3-C-4 bonds. Bond angles 
in fact diverge from 120° by no more than 4°: ZC-2-N-1-C-5 is 116° 50' 
and Z N-1-C-2-C-3 is 123° 53'. 

Empirical resonance energy (ERE) determinations have given values 
for pyridine ranging between 23 and 43 kcal mole -1 , Table I (see also 
Table XI). In four of the five papers cited a corresponding value for 
benzene is provided; the overall picture suggests that pyridine is the less 
aromatic. Similarly, the results of Cox’s calculations 7 of the conjugation 
energy (Section II,A, 1) are 19 kcal mole -1 for pyridine and 22 kcal 
mole -1 for benzene. The calculations of the Dewar resonance energy 
(Section II,A, 2), however, give values which are very similar: pyridine, 
23.1 kcal mole -1 ; benzene, 22.6 kcal mole -1 . 13 A value of 2.1/3 for the 
delocalization energy (as defined in Section II,A, 3) has been reported 
from two early sets of MO calculations, 21 ' 22 but Davies 267 subsequently 
reported a DE less than that of benzene (see Table XI). Zahradnik and 
Koutecky 20 have noted that data for pyridine obey the equation ERE = 
15.8 DE. A large number of other MO calculations of various degrees of 
sophistication are available, e.g., Bene et al., 268 but discussion of these 
falls outside the scope of this review. In general, predicted properties 
have been similar to those found, and recently correlations between 
7r-electron density and NMR parameters have been sought, e.g., Tokuhiro 
and Fraenkel. 269 

The diamagnetic susceptibility exaltation of pyridine, 84 13.4 X 10 -6 cm 3 
mole -1 , is fractionally lower than that for benzene (13.7 X 10 —6 ); estima¬ 
tion of aromaticity from proton chemical shift does not appear to have 
been attempted. By the dilution shift criterion (Section II,D, 4) a particu¬ 
larly low estimate of the aromaticity has been obtained, viz. 61% that of 
benzene. 137 On the other hand, the ratio of the ir-ring current in pyridine 
to that in benzene has been calculated to be 1.06 from molecular suscepti¬ 
bility data, 270 while from studies of the Faraday effect the order of de¬ 
creasing aromaticity, pyridine IV-oxide, pyridine, benzene, has been 
drawn. 162 

267 D. W. Davies, Trans. Faraday Soc. 51, 449 (1955). 

268 J. D. Bene and H. H. Jaff4, J. Chem. Phys. 48, 1807 (1968); I. Fischer-Hjalmars, 

Pure Appl. Chem. 11, 571 (1965); K. Nishimoto and L. S. Forster, Theor. Chim. Acta 

4, 155 (1966). 

289 j. Tokuhiro and G. Fraenkel, J. Amer. Chem. Soc. 91, 5005 (1969). 

270 R. J. W. Le Ffevre and D. S. N. Murthy, Aust. J. Chem. 19, 1321 (1966). 



TABLE XI 


Calculated Delocalization Energies and Experimental Resonance Energies of the Azines (kcal mole -1 ) 



MO method” 

VB method 6 

Thermochemical data 

Dewar resonance energy 

Without overlap 

With overlap 

ERE values 

Conj. energy 6 

d 


Pyridine 

40.8 

39.4 

37 

23,'w 24.2,' 

19 

20.94 

23.1 





27.9/“ 32// 








43 6c 




Pyridazine 

39.9/42.4* 

36.8/41.2* 

22 

12.3 6 * 

10 

— 

— 

Pyrimidine 

40.7 

38.0 

33 

8.0 6 " 

18 

20.20 

17.1 

Pyrazine 

40.0 

36.8 

33 

8.1,«» 24 6/ 

18 

14.64 

— 

s-Triazine 

40.5 

36.6 

29 

— 

— 

— 

— 

ric-Triazine 

— 

— 

25 

— 

— 

— 

— 

as-Triazine 

— 

— 

18 

— 

— 

— 

— 

s-Tetrazine 

— 

— 

20 

— 

— 

— 

— 

wc-Tetrazine 

— 

— 

10 

— 

— 

— 

— 

as-Tetrazine 

— 

— 

20 

— 

— 

— 

— 

Pentazine 

— 

~ 

12 

- 

- 

- 

~ 


H 


“ See Davies 267 ; cf. Orgel et al. n pyridine 2.10, pyrimidine 2.20, pyrazine 2.20; M. Simonetta, J. Chim. Phys. 49, 69 (1952), pyridine 
43, pyrazine 45. Values relative to a value of 41 for benzene. 

6 A. Maccoll, J. Chem. Soc., 670 (1946). Values relative to a value of 41 for benzene. 
c Cox 7 ; benzene = 22. 
d Dewar et al , 9 ; benzene = 20.04. 

• Dewar and Trinajstic 13 ; benzene = 22.6. 

> With reference to the structure containing =N—N=. 

» With reference to the structure containing —N=N—. 
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Kruszewski and Krygowski 36 have calculated the value of DE sp (Section 
II,A,3a) to be 0.350 (benzene = 0.333) and the Ai value (Section II,B) 
to be 1.0; Julg 65 reports a value for A of 0.97 (benzene = 1). At the same 
time they showed that the KIv values (Section II,E) for both benzene 
and pyridine are 3.53. The decreased reactivity of pyridine (relative to 
benzene) towards electrophiles is reflected in the value of +23 for Balaban 
and Simon’s aromaticity constant 169 (Section II,F, 1). Finally, Berezin 162 
has calculated the coefficient of influence (Section II,F, 3) of pyridine 
to be 1.987 (benzene 2.130) but the interpretation here seems somewhat 
difficult. 

From the structural and electronic point of view, pyridine is the hetero¬ 
aromatic that is most similar to benzene and, as such, examination of the 
extent of agreement between the various estimates of aromaticity is of 
interest. By the stability criteria pyridine appears to have about the same 
as or somewhat less than the aromatic character of benzene. Of the other 
methods, with the exception of the dilution shift result, there is also an 
encouraging similarity of results and they reinforce the view that the 
two rings have comparable aromatic character. It is of interest that the 
ratio of the ring currents of pyridine and of benzene is also reported to be 
close to unity. 270 

2. Some Fused-Ring Derivatives of Pyridine 

Determinations of the ERE of quinoline from thermochemical data 
have given results which range from 47.3 to 69 kcal mole -1 . 49 - 271 272 There 
appear to be no corresponding estimates for isoquinoline, but a value of 
48 ± 9 kcal mole -1 has recently been deduced from a comparison of the 
equilibrium constants for pseudo-base formation of A+ncthylisoquinoline 
cation and its dihydro analog 73. 273 Comparison of these ERE values with 
those obtained for naphthalene (61-75 kcal mole -1 ) shows that they 
parallel the somewhat lower resonance energy of pyridine relative to that 
of benzene. 



(73) 


Recently, Dewar and his co-workers 13 have provided, via calculations, 

271 L. Pauling and J. Sherman, J. Chem. Phys. 1, 606 (1933). 

2,2 G. W. Wheland, “Resonance in Organic Chemistry,” p. 99. Wiley, New York, 1955. 

272 R. D. Tack, Ph.D. Thesis, UEA, 1972; see also Cook et al.™ 
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values for the Dewar resonance energy (Section II,A, 2) of both quinoline 
and isoquinoline. The same value of 34.1 kcal mole -1 was obtained for 
each system and is very similar to the result for naphthalene (33.6 kcal 
mole -1 ). In the same paper values of 33.2 and 36.4 kcal mole -1 were 
calculated for 1,5-naphthyridine (74) and 1,8-naphthyridine (75), 
respectively. The structures and other physicochemical properties of the 
latter two compounds together with a number of their isomers have 
recently been reviewed by Paudler and Kress. 274 The same authors earlier 
calculated 32 the values of DE for various members of this class of com¬ 
pounds and found that they all fell within the range of 3.76-3.85/3, which 
may be compared with the value of 3.68/3 obtained for naphthalene. 



(74) (75) 


It is generally recognized that the fused-ring derivatives of pyridine 
sustain a ring current, but no attempts have apparently been made to 
evaluate it. Diamagnetic susceptibility exaltation measurements 84 give 
values for naphthalene of 30.5 X 10 -6 , quinoline 29.9 X 10 -6 , and iso¬ 
quinoline 27.8 X 10 -6 cm 3 mole -1 . 

Although there are rather fewer quantitative estimates of the aro¬ 
maticity of compounds discussed in this section compared with the number 
in the previous section, it is clear that the compounds rather closely 
resemble naphthalene in the same way in which pyridine resembles benzene. 

3. Pyridones and Related Compounds 

2- and 4-Pyridones (76) and (77) are potential six-ir-electron ring 
systems, a feature which is more apparent when the charge-separated 
canonicals 76b and 77b are considered. Penfold 276 has examined the X-ray 



(76a) (76b) (77a) (77b) 


274 W. W. Paudler and T. J. Kress, Advan. Heterocycl. Chem. 11, 123 (1970). 
216 B. R. Penfold, Acta Cryst. 6, 591 (1953). 
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50% 15% 20% 10% 5% 

Fig. 2. Bond lengths of 2-pyridone and 2-pyridthione, and resonance structures of 
2-pyridone. 275 

crystallographic data for 2-pyridone and has concluded that the bond 
lengths he obtained (Fig. 2) are best explained in terms of contributions 
from the five resonance structures indicated. The calculated percentage 
contributions which gave the best correspondence with the observed bond 
length data are indicated beneath the different forms. 

The same author 276 subsequently examined 2-pyridthione and he con¬ 
cluded from the dimensions obtained (Fig. 2) that the relative weighting 
of the contributing resonance structures are the same in both 2-pyridthione 
and 2-pyridone. The C-S bond was said to show about 65 ± 5% double¬ 
bond character. 

A large contribution from the zwitterionic form of 4-pyridone has 
recently been disputed by Batts and Spinner 277 following an examination 
of the system by infrared and Raman spectroscopy. These authors com¬ 
ment further that dipole moment data suggest that the upper limit for 
this contribution is of the order of 10-15%. 

There appear to be no ERE data for pyridones and related compounds, 
and although Dewar and co-workers 16 have calculated the heats of atom¬ 
ization for a number of structures of this type, the results were used for 
a discussion of tautomeric equilibria rather than for deriving values for 
the Dewar resonance energies. Empirical studies on tautomeric equilibria 
have, however, been used to estimate the difference in ERE of pyridones 
and pyridine (Section II,A, 4). Beak et al.* 1 studied the gas-phase 1- 
methyl-2-pyridone ^ 2-methoxypyridine equilibrium and compared the 
result with the equilibrium constant for the A-methylvalerolactam ^ 

276 B. R. Penfold, Acta Cryst. 6, 707 (1953). 

277 B. D. Batts and E. Spinner, Aust. J. Chem. 22, 2581 (1969). 
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O-methylvalerolactim equilibrium, from which they concluded that the 
2-pyridone ring is 6 kcal mole -1 less aromatic than that of pyridine. The 
present authors 43 have made similar comparisons for the corresponding 
prototropic equilibrium in the aqueous phase. These results are less 
rigorous but the method is more generally applicable and has been extended 
to 4-pyridone, 2-quinolone, and 1-isoquinolone and the related thiones, 
imines, and methides. 44 The results are summarized in Table IY and 
demonstrate that pyridones, quinolone, isoquinolone, and their related 
thiones and imines retain much of the resonance energy of the pyridine, 
quinoline, and isoquinoline structures, respectively. The methides, in 
which the zwitterionic canonical forms have the negative charge on a 
carbon atom, are substantially less aromatic. 

Several discussions of aromaticity and its relationship to NMR param¬ 
eters have included reference to 2- and 4-pyridones. Indeed Elvidge and 
Jackman 86 first applied the ring current criterion as a quantitative measure 
of aromaticity to l-methyl-2-pyridone and estimated the aromaticity to 
be 35% that of benzene from a consideration of the chemical shifts of 
C-methyl substituents and of ring protons. They also concluded that the 
2-methide analog was nonaromatic. Bell, Egan, and Bauer, 278 from a 
consideration of the small long-range methyl to ring proton coupling 
constants in substituted 2-pyridones, as well as in 2-pyridthiones, concluded 
that considerable aromatic character must be associated with these 
compounds. By contrast, a Japanese group 279 suggested that the 2-pyridone 
structure has a relatively localized ir-system on the basis of the cor¬ 
relation of the methyl substituent effect on the chemical shift of ortho 
protons with ir-bond orders. Dauben et al. u report a diamagnetic suscepti¬ 
bility for Y-ethylpyridone of 7 X 10 -6 cm 3 mole -1 , a little over half that 
of benzene (Table YI). 

Of the 4-pyridone series, Jackman et al. 2M have reported that 1-methyl- 
4-pyridone sustains a weaker ring current than l-methyl-2-pyridone, 
and Batts and Spinner 281 in a discussion of chemical shifts state that the 
“fractional aromaticity is probably not appreciable for either (4-pyridone 
or 4-pyridone imine).” 

The different long-range coupling of a methyl group to the ortho hydrogen 
in 4-methyl-2-quinolone (J = 1,3 Hz) and in 4-methyl-2-chloroquinoline 
(J = 1.0 Hz) may be attributed to a lower aromaticity of the former 
relative to the latter. 279 

In conclusion, it can be said that the tautomeric equilibrium studies 

2,6 C. L. Bell, R. S. Egan, and L. Bauer, J. Heterocycl. Chem. 2, 420 (1966). 

279 M. Ohtsuru, K. Tori, and H. Watanabe, Chem. Pharm. Bull. 15, 1015 (1967). 

280 G. G. Hall, A. Hardisson, and L. M. Jackman, Tetrahedron Suppl. 2, 101 (1963). 

281 B. D. Batta and E. Spinner, Aust. J. Chem. 22, 2595 (1969). 
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give a clear indication that 2- and 4-pyridones, 2-quinolone and 1-iso- 
quinolone, and the thiones and the corresponding imino compounds have 
substantial aromatic character. It is unfortunate that no other ERE 
data are available to substantiate the results of this approach, which 
imply a greater aromaticity for 2-pyridone than the 35% aromatic character 
calculated from the controversial chemical shift data. The interpretations 
drawn from the remaining NMR data are of a qualitative and somewhat 
subjective nature. 

4. Phosphabenzene and Related Compounds 

The chemistry of phosphabenzene (phosphonin) ( 78 ) extends back 
to 1966 when Markl 66 prepared the derivative, 2,4, 6 -triphenylphospha- 
benzene ( 79 ), although the same author 282 had earlier prepared some 
derivatives with a pentavalent phosphorus atom, viz. 1 , 1 -disubstituted 
phosphabenzenes. The PMR spectrum of 79 shows that all the protons 
absorb in the region 5 7.0-8.1 and the 31 P signal appears at —178.2 ppm, 
which was said to be at unexpectedly low field. The UY spectrum exhibited 
a large bathochromic shift relative to both the absorptions of 1,3,5- 
triphenylbenzene and 2,4,6-triphenylpyridine. 


Ph 



(78) (79) 


Subsequently, a variety of substituted phosphabenzenes were prepared 
by Markl and others (for a list of references of compounds not mentioned 
here, see Ashe 283 ), recently culminating in an elegant one-step preparation 
of the parent compound 78 by Ashe . 283 The UV absorptions of 78 are again 
at longer wavelength than those observed for the nitrogen analog. The 
most interesting physicochemical feature, however, is the PMR spectrum, 
which shows that the a-proton is strongly deshielded, 5 9.3, and is strongly 
coupled to both 31 P (J = 38) and to the /3-proton (Jn = 10 Hz; cf. 5.5 
Hz for pyridine). The temptation is to conclude that the double-bond 
character is greater in phosphabenzene, but this is not supported by con¬ 
sideration of the chemical shifts of the /3- and 7 -protons, both of which 
appear to absorb at somewhat lower field than the corresponding protons 

282 G. Markl, Angew. Chem. Int. Ed. Engl. 2, 153, 479 (1963). 

283 A. J. Ashe, J. Amer. Chem. Soc. 93, 3293 (1971). 
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Fig. 3. Bond lengths and bond angles of phosphabenzenes. 281285 

in pyridine. Ashe suggests that this is most consistent with an appreciable 
ring current in 78. 

The planarity of the phosphabenzene nucleus has been demonstrated 
by X-ray analyses of 2,6-dimethyl-4-phenylphosphabenzenc 284 and of a 
2-butyl-4-aryl-5,6-dihydronaphtho[l, 2-6]phosphonin. 285 The bond lengths, 
which clearly imply aromatic character, and bond angles are summarized 
in Fig. 3. 

Studies on benzo-fused analogs of 78 have also been reported. Solutions 
of unstable dibenzo[b,e]phosphabenzene (phosphaanthracene) (80, 
R = H) 286 and dibenzo[6,d]phosphabenzene (phosphaphenanthrene) 
(81) 287 have been prepared and examined by UY spectroscopy. The overall 
shape of the spectrum due to 80 (R = H) resembles that of anthracene 
rather than acridine, whereas that of 81 resembles the phenanthridine 
more closely than the phenanthrene spectrum. The absorptions of both 
80 (R = H) and 81 show the typical strong bathochromic shifts relative 
to their nitrogen and carbocyclic analogs. 10-Phenyldibenzo[6, e]phospha- 
benzene (80, R = Ph) 288 is more stable than its parent and shows similar 
UY absorption. 



(80) (81) 


281 J. C. T. Bart and J. J. Daly, Angew. Chem. Int. Ed. Engl. 7, 811 (1968). 

285 \y. Fischer, E. Hellner, A. Chatzidakis, and K. Dimroth, Tetrahedron Lett., 6227 
(1968). 

286 P. de Koe and F. Bickelhaupt, Angew. Chem. Int. Ed. Engl. 6, 567 (1967). 

287 P. de Koe, R. van Veen, and F. Bickelhaupt, Angew. Chem. Int. Ed. Engl. 7, 465 
(1968). 

288 P. de Koe and F. Bickelhaupt, Angew. Chem. Int. Ed. Engl. 7, 889 (1968). 
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Compounds related to phosphabenzene are those in which the phosphorus 
atom carries two substituents, and “aromatic bonding states” have been 
postulated for these in discussions of 1-alkyl-1, 2,4,6-tetraphenylphos- 
phabenzenes 289 and some 1,1-dialkoxy- and 1,1-diaryloxyphosphabenzenes 
(82). 290 Aromatic character of the heterocyclic ring in 82 (R = Me; 
Ar = Ph) can be deduced from the bond lengths of the C-C bonds, 
which all lie in the region 1.39-1.42 A . 291 However, the ring deviates 
slightly but significantly from planarity. 

Ph 


Ar' 


(82) 

The bonding about the phosphorus atom in these compounds, as well as 
in the simple phosphabenzene ring, has been the subject of calculations 
based upon two different models, one using one dir atomic orbital and the 
other using two dir atomic orbitals 292 ; the latter model provided the better 
correlation with UY absorption data. 

5. Arsabenzene, Stibabenzene, and Derivatives 

Ashe has recently synthesized both arsabenzene (arsenin) (83 ) 283 and 
stibabenzene (antimonin) ( 84 ). 66 The former is very air-sensitive while 
the latter polymerizes even at —80°. The NMR spectra of these, like that 
of phosphabenzene, 283 show that the a-proton is highly deshielded and 
Ashe reports the following order of chemical shifts: pyridine 5 8.1, phospha¬ 
benzene 5 8.6, arsabenzene & 9.3, and stibabenzene S 10.7. Significantly, 
the more remote /3- and y-protons in each compound in the series are 
each at approximately the same chemical shift, which may imply an 
appreciable ring current for each compound. J 23 = 11 Hz for both 83 
and 84 , which is greater than the 10 Hz found for phosphabenzene and 
5.5 Hz for pyridine. 

289 G. Markl and A. Merz, Tetrahedron Lett., 3611 (1968). 

290 K. Dimroth and W. Stade, Angew. Chem. Int. Ed. Engl. 7, 881 (1968). 

291 u. Thewalt, Angew. Chem. Int. Ed. Engl. 8, 769 (1969). 

292 M. Mracec and Z. Simon, Rev. Roum. Chim. 16, 449 (1971). 
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(83) (84) 


In the UY spectra, 83 shows bands at 219 and 268 m y while 84 shows 
absorptions at 236 and 312 my ( cf. phosphabenzene X max 213 and 246 my). 
Ashe 66 suggests that if the bands are due to tt —> ir* transitions, then the 
shifts to longer wavelengths exhibited by the heteroaromatics with the 
heavier atoms may arise from weaker bonding in these compounds. 

Prior to Ashe’s contribution to this field, dibenzo[ 6 ,e]arsabenzene 
(9-arsaanthracene) (85) was obtained in solution by two groups . 293 ' 294 
The UY spectrum was shown to be very similar in overall pattern to that 
of 9-phosphaanthracene and of anthracene, and showed, once more, a 
bathochromic shift relative to each. During the final preparation of this 
chapter an X-ray structural determination of 2,3, 6 -triphenylarsabenzene 
was reported which shows that the geometry is consistent with a de¬ 
localized six ir-electron system . 296 



(85) 


6 . Pyrylium Salts, Pyrones, and Related Compounds 

There are two classes of potential six- 7 r-electron systems to be discussed 
in this section: (a) pyrylium salts (86) and (b) pyrones and related 
compounds. 

There appear to be rather few data available for the pyrylium cation. 
Balaban and Simon 169 have reported a high value of +97 for the aroma¬ 
ticity constant, a reflection of its electrophilicity. The PMR spectrum, as 
expected, shows absorptions in the 8 .5-9 .6 ppm region , 296 and qualitative 
agreement between chemical shifts and ir-electron density, as calculated 
by the HMO method, has been reported . 297 Further calculations of charge 

293 P. Jutzi and K. Deuchert, Angew. Chem. Int. Ed. Engl. 8, 991 (1969). 

291 H. Vermeer and F. Bickelhaupt, Angew. Chem. Int. Ed. Engl. 8, 992 (1969). 

295 F. Sanz and J. J. Daly, Angew. Chem. Int. Ed. Engl. 11, 630 (1972). 

296 A. T. Balaban, G. R. Bedford, and A. R. Katritzky, J. Chem. Soc., 1946 (1964). 

297 C. C. Rentia, A. T. Balaban, and Z. Simon, Rev. Roum. Chem. 11, 1193 (1966). 
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density for 86 and benzopyrylium systems have been performed using 
the CNDO/2 method. 298 



(86) (87) 


As with the pyridones (Section III,D, 3), the question of the aromaticity 
of 2- and 4-pyrone, 87 and 88, is allied to that of the extent of zwitterionic 
character. The dipole moment, 3.7 D, 299 of 88 suggests that contributions 
from dipolar forms are significant, at least for this compound. There 
appears to be no determination of the precise geometry of either pyrone 
isomer, although data are available for 2,6-dimethyl-4-pyranthione 
(89). 300 Bond lengths^ of the O-C-2, C-2-C-3, and C-3-C-4 bonds are 
1.37, 1.35, and 1.41 A, respectively, from which it has been estimated 
that the contribution from the dipolar structure is 32%. 



(88) (89) 

The ERE of 7-methylpyrano[4, 3-6]pyran-2,5-dione (90) has been 
determined 106 to be extraordinarily high at 100 kcal mole -1 , which suggests 
that the simple 2-pyrone is also strongly aromatic. Calculations of DE 
for both 87 and 88 have been performed by various groups. An early 
paper by Brown 301 reported HMO data that predict that 4-pyrone has 
considerable dipolar character, and subsequently Zahradnik et al. m 
calculated the DE for 4-pyrone to be 2.868/3 and for 2-pyrone, 2.896/3. 
Comparison of the absolute values is inappropriate in that somewhat 
different parameters were used for each. Beak 28 has further demonstrated 
that for HMO calculations the relative order of DE for the two rings is 
dependent upon the parameters chosen. More recently H6rault and 
Gayoso 64 have presented results of calculations for each compound, 

298 O. Martensson and C. H. Warren, Acta Chem. Scand. 24, 2745 (1970). 

299 M. Rolla, M. Sanesi, and G. Traverso, Ann. Chim. {Rome) 42, 673 (1952). 

800 J. Toussaint, Bull. Soc. Chim. Belg. 65, 213 (1956). 

801 R. D. Brown, J. Chem. Soc., 2670 (1951). 

802 R. Zahradnik, C, Pdrk&iyi, and J. Koutecky, Collect. Czech. Chem. Commun. 27, 
1242 (1962). 
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TABLE XII 

Calculated Data for Pyrones" 



DE 

DE»p 

A , 


(Section II, A, C) 

(Section II, A, C) 

(Section II, B) 

2-Pyrone 

1.5950 (1.732) 

0.1990 (0.218) 

0.79 (0.96) 

4-Pyrone 

1.598/S (1.618) 

0.2000 (0.217) 

0.72 (0.94) 


“ Values calculated by w0 iterative method—values in parentheses obtained from the 
Wheland-Pauling method, 

employing both the Wheland-Pauling (WP) method and an iterative 
technique (co/3). The latter gives the better agreement between the cal¬ 
culated and experimental dipole moments for 88. The authors’ values for 
DE, and DE sp as well as the Julg and Francois’s Ai values (Section II,B) 
determined from the calculated bond lengths, are given in Table XII. 
Both sets of calculations suggest that the aromaticities of the two ring 
systems are comparable. 


o 


(90) 

Experimental determinations of the relative aromaticities have not 
been uniformly instructive. Prior to the calculations by the French group, 
Beak 28 had surveyed various conclusions drawn from IR spectral data 
and basicity data and considered that much of the work was equivocal. 
From equilibration data on 91 he concluded that 91a is the thermo¬ 
dynamically more stable. 


OMe o 



(91a) (91b) 


PMR chemical shift data have been used to estimate the aromaticity 
of 2,6-dimethyl-4-pyrone (92) relative to benzene . 94 Use was made of 



320 


MICHAEL J. COOK ET AL. 


[Sec. III.D.6. 


2,3-dihydro-2,6-dimethyl-4-pyrone (93) as a model and the ring current 
was determined to be about the same as that of benzene. By contrast the 
same authors pointed out that the magnetic susceptibility (Ax X 10 6 ) 
of 92 is 2.19, which is small compared with values for benzene (18.7), 
tropolone (15.2), and furan (14.3). It is also very close to the value of 
2.25 reported for 93. Recent considerations of the molecular susceptibility 
anisotropies of both 2- and 4-pyrone led to the conclusion that both are 
nonaromatic. 81 



(92) (93) 

At this point it is appropriate to consider the spectral data for some 
pyrones and their dihydro analogs, and both chemical shift and coupling 
constant data are collected in Fig. 4. 303 ~ 30fl It is apparent that the coupling 
constants between vie protons bonded to sp 2 carbon atoms are approxi¬ 
mately the same in both the aromatic and nonaromatic models. A further 
comparison of data for 94 to 97 provided by Jonas et al., m some of which 
has been independently duplicated by Brown and Bladon, 307 provides 
an example of a case in which a simple comparison of the orders of chemical 
shifts and of coupling constants give different orders of aromaticity within 
the series. 



(96) (95) (96) (97) 


It is evident that, for pyrones, the available data are contradictory. The 
enormous ERE of 90 and the estimate of the ring current in 92, which is 

308 W. H. Pirkle and M. Dines, J. Heterocycl. Chem. 6, 1 (1969) and references therein. 

804 S. S. Dharmatti, G. Govil, C. R. Kanekar, C. L. Khetrepal, and Y. P. Virmani, Proc. 
Indian Acad. Sci. Sect. A 56, 71 (1962); Chem. Abstr. 58, 3027f (1963). 

805 (a) T. J. Batterham and J. A. Lamberton, Aust. J. Chem. 17, 1305 (1964); (b) A. K. 
Kiarg and S. F. Tan,/. Chem. Soc., 2283 (1965); (c) M. M. Badawi and M. B. E. 
Fayez, Indian J. Chem., 5, 93 (1967). 

806 E. M Kosower and T. S. Sorensen, /. Org. Chem. 28, 687 (1963). 

807 N. M. D. Brown and P. Bladon, Spectrochim. Acta 21, 1277 (1965). 
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Fig. 4. PMR spectral data for pyrones (in ppm). Data obtained in CDClj except that 
reported by Kosower and Sorensen. 80 * 

substantially greater than the estimate of the ring current in 2-pyridone, 
are disconcerting, as is the disparity between the conclusions to be drawn 
from the ring current and magnetic susceptibility data for 92. The validity 
of the ERE value and the ring current estimate certainly seem suspect. 

7. Thiabenzene, Thiapyrylium, Thiapyrones, and Related Compounds 

As well as the sulfur analogs of pyrylium cation and the pyrones (to be 
considered later in this section), a third important series of six-membered 
sulfur heteroaromatic is known: the thiabenzenes. 
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The first example of this last class (98), where “tetracovalent bonding” 
occurs through valence-shell expansion (for a review of this topic see 
Salmond 308 ), was obtained in 1961 309 and there are still rather few examples 
known. Discussion has centered upon the nature of the participation by 
the 3d orbitals and whether the compounds may be regarded as being 
aromatic or of the ylide type. 


Ph Ph 



(98a) (96b) 


The low dipole moments of 98 ( 1.88 D) and of various benzofused 
analogs, compared with the dipole moment of 6.2 D for 99, have been 
cited by Price et al. m as evidence that the covalent structure is a more 
reasonable representation than the ylide, e.g., 98b. The further preparation 
of 100 by the same group 311 has recently been described and here the NMR 


spectrum shows a multiplet at 7.2 ppm. The dipole moment, 0.8 D, is 
significantly less than that of 98, and the lack of steric hindrance here, 
the authors suggest, allows the two rings to become coaxial, with a resultant 
decrease in ylide-type character. In the coaxial structure ir-overlap with a 
3p orbital is envisaged, while in the bent form overlap with the single 
3d IZ orbital is proposed. Both models in fact allow a cyclic aromatic ring 
current . 312 By contrast, Hortmann and Harris 313 report that 101 shows sub¬ 
stantial ylide-type character (in particular, H-2, 6 are shielded in the 

388 W. G. Salmond, Quart. Rev. 22, 253 (1968). 

308 G. Suld and C. C. Price, J. Amer. Chem. Soc. 83, 1770 (1961). 

310 C. C. Price, M. Hori, T. Parasaran, and M. Polk, J. Amer. Chem. Soc. 85, 2278 (1963). 

311 M. Polk, M. Siskin, and C. C. Price, J. Amer. Chem. Soc. 91, 1206 (1969). 

312 C. C. Price, J. Follweiler, H. Pirelahi, and M. Siskin, J. Org. Chem. 36, 791 (1971). 

313 A. G. Hortmann and R. L. Harris, J. Amer. Chem. Soc. 92, 1803 (1970). 
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PMR spectrum), and they suggest 313 ’ 314 that the lack of evidence for a ring 
current lends support to the bonding scheme discussed by Dewar 316 wherein 
two 3d orbitals are involved in weak overlap with the 7 r-system. 



Me 


( 101 ) 

Thiabenzene 1 -oxides (e.g., 102) have also figured in the above discus¬ 
sion. Earlier papers 316-318 did not rule out the possibility of aromatic 
conjugation in these compounds, but NMR data are suggestive of ylide 
character, and bonding of the ylide type has recently been firmly proposed 
by Hortmann and Harris . 313 ’ 314 Somewhat related systems are the anions 
derived from cyclic sulfones such as 103 and 104. Pagani et aZ . 319-321 have 



(102) (103) (104) 


suggested, from NMR evidence, that the negative charge on the anions 
is delocalized, and from the kinetic acidities of the precursors and stabilities 
of the anions have surmised that these anions are aromatic in character . 320 
By contrast 322 a lack of aromaticity was earlier deduced for 105, and, 
from an X-ray study, diene character has been suggested for the rr-iso- 
electronic structure 106 323 

314 A. G. Hortmann and R. L. Harris, J. Amer. Chem. Soc. 93, 2471 (1971). 

316 M. J. S. Dewar, “The Molecular Orbital Theory in Organic Chemistry,” pp. 
430-436. McGraw Hill, New York, 1969. 

316 A. G. Hortmann, J. Amer. Chem. Soc. 87, 4972 (1965). 

317 Y. Kishida and J. Ide, Chem. Pharm. Bull. Jap. 15, 360 (1967). 

318 B. Holt, J. Howard, and P. A. Lowe, Tetrahedron Lett,, 4927 (1969). 

319 S. Bradamante, A. Mangia, and G. Pagani, Tetrahedron Lett., 3381 (1970). 

320 S. Bradamante, S. Maiorana, A. Mangia, and G. Pagani, J. Chem. Soc. B, 74 (1971). 

321 S. Bradamante, A. Mangia, and G. Pagani, J. Chem. Soc. B, 545 (1971). 

322 R. Breslow and E. Mohacsi, J. Amer. Chem. Soc. 84, 684 (1962). 

823 W. E. Barnett, M. G. Newton, and J. A. McCormack, J. Chem. Soc. Chem. Commun., 
264 (1972). 
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(105) (106) 


The thiapyrylium cation 107 is generally regarded as being an aromatic 
structure. An early calculation 30 predicted high stability for the ring, and 
proton signals in the NMR spectrum show the expected downfield shifts 
(5 9-10.4). 324 The NMR spectra of a large number of polynuclear 
thiapyrylium cations have been reported 326 and attempts were made to 
correlate chemical shifts with electron density, which proved somewhat 
difficult due to deshielding effects of neighboring rings. Recently the 
novel dithiopyrylium dication 108 has been prepared, 326 and the NMR 
spectrum shows a further downfield shift of 0.2-0.25 ppm relative to 107. 



(107) (108) 


The thiapyrones have received rather less attention than their oxygen 
analogs. The values of the heats of combustion of 2,6-diphenyl-4- 
thiapyrone and of 2,6-diphenyl-4/f-thiapyran were used to estimate the 
resonance energy of 4-thiapyrone to be 33 kcal mole -1 , 327 which can be 
taken as clear evidence of substantial aromatic character. Zahradnfk 
and co-workers 29 calculated the DE of approximately 1.6/3 for 4-thiapyrone 
and 1.5/3 for 2-thiapyrone, and both 2- and 4-thiothiapyrones. The mean 
chemical shift of the a- and /3-protons in both 4-thiapyrone (95) and 
4-thiothiapyrone (97) are downfield relative to the values for the same 
parameter in 4-pyrone and 4-thiapyrone and this has been interpreted 
in terms of a larger ring current in the sulfur heterocycles. 120 

8. Borabenzene Anion 

The borabenzene anion is a potential six-7r-electron structure which 
has received attention only recently. PMR and U B-NMR data have 

324 K. Dimroth, W. Kinzebach, and M. Soyka, Chern. Ber. 99, 2351 (1966). 

325 T. E. Young and C. J. Ohnmacht, J. Org. Chem. 32, 1558 (1967). 

326 Z. Yoshida, S. Yoneda, T. Sugimoto, andO. Kikukawa, Tetrahedron Lett., 3999 (1971). 

327 L. Lorenz-Oppan and H. Sternitzke, Z. Elektrochem. 40, 501 (1934). 
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now been reported for the 1-phenylborabenzene anion 109 as a ligand in 
a transition metal rr-complex 110 328 and also as the free ion in solution. 329 
PMR data shown refer to the free ion in THF-d 8 . From the U B shifts 
and a comparison of the proton shifts with those of the protons in cyclo- 
pentadienyl anion it would appear that the negative charge resides to a 
considerable extent on the boron atom and that the system probably 
supports a ring current. 


H 



Ph Ph 


X = ^ SnBr 6 or PF 6 

(109) (110) 

9. Diazines, Triazines, Tetrazines, and Related Compounds 

There have been a number of quantitative estimates of the aromatic 
character of the azines and particular attention has been paid to the 
determination of their stabilities, by both empiiical and theoretical 
approaches. Maccoll 330 compiled an extensive series of data for all possible 
di-, tri-, tetr-, and pentazines, obtained from a valence-bond approach, 
while other groups 21 ' 267 331 have obtained less extensive results using the 
MO method. Heat of combustion data for the diazines have been used to 
determine ERE values 332 ' 333 and some of the calorimetric data have been 
used further by Cox 7 to calculate conjugation energies (Section II,A, 1). 
Dewar resonance energies have been reported for a limited number of 
structures and include two benzo-fused analogs. 913 The results of each of 
these approaches are summarized in Table XI (Section III,D, 1). For 
pyridazine, results vary depending upon the choice of an =N—N= or 
an —N=N— model. The values reported by Tjebbes 332 appear to be rather 
too low. It has been remarked that data for the diazines fail to fit a 
DE versus ERE correlation observed for other compounds. 20 Dauben 

328 G. E. Herberich, G. Greiss, and H. F. Heil, Angew. Chem. Ini. Ed. Engl. 9, 805 (1970). 

329 A. J. Ashe and P. Shu, J. Amer. Chem. Soc. 93, 1804 (1971). 

330 A. Maccoll, J. Chem. Soc., 670 (1946). 

331 M. Simonetta, J. Chim. Phys. 49, 68 (1952). 

332 J. Tjebbes, Acta Chem. Scand. 16, 916 (1962). 

333 A. F. Bedford, A. E. Beezer, and C. T. Mortimer, J. Chem. Soc., 2039 (1963). 
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et al. u report that the diamagnetic susceptibility exaltation of pyrazine is 
only a little over half that of pyridine. 

Berezin 162 has calculated the coefficients of influence (Section II,F, 3) 
for four azines, including pyridine, and points out that the values decrease 
in the same order as the magnitude of the aromaticity constants increase 
(although pyridine or pyrazine appears to be anomalous). 

X-Ray data for pyrimidine, 334 pyrazine, 336 s-triazine, 336 and s-tetrazine 337 
demonstrate the aromatic character of the rings, but the data have not 
been used for a quantitative comparison of aromaticity. It has been noted 
that the C-N-C bond angles in each compound are less than 120° cf. 
pyridine, Section III,D, 1), and from a consideration of the perturbation 
on the ring angles on going from benzene to pyridine, Coulson and 
Looyenga 338 have calculated the bond angles in the diazines, s-triazine, 
and s-tetrazine. Their results are in good agreement with the available 
experimental data (see also Kim and Hameka 339 ). 

The “hydroxy derivatives” of the diazines exist predominantly in the 
oxo form where such tautomerism is possible, but, unlike the pyridones, 
the aromaticity of these compounds has excited rather little attention. 
In an early paper Pauling and Sherman 271 provided extensive data for 
the resonance energies of a large number of molecules, which included a 
series of ureides and purines. Inspection of the results shows that a structure 
such as 4-methyl uracil has substantial excess resonance energy over the 
sum of the resonance energies for two amide groups (see also Tack 273 ). 

Bauer et al. 3i0 examined NMR spectra of 4-pyrimidones, 4-pyrimidthiones, 
and 4-substituted pyrimidines, and from an assessment of coupling constant 
and chemical shift data drew the qualitative conclusion that the former 
two structures have less aromatic character than the pyrimidine ring. 
Pfleiderer 341 has come to a similar conclusion using the same criteria but 
applied to 2- and 4-pyrimidones. He has argued further from a discussion 
of acidity of various uracils that the amide groups do not contribute in 
cyclic resonance in these ring systems. 342 

834 P. J. Wheatley, Acta Crystallogr. 13, 80 (1960). 

336 P. J. Wheatley, Acta Crystallogr. 10, 182 (1957). 

338 P. J. Wheatley, Acta Crystallogr. 8, 224 (1955). 

337 F. Bertinotti, G. Giacomello, and A. M. Liquori, Acta Crystallogr. 9, 510 (1956). 

338 C. A. Coulson and H. Looyenga, J. Chem. Soc., 6592 (1965). 

838 H. Kim and H. F. Hameka, J. Amer. Chem. Soc. 85, 1398 (1963). 

340 L. Bauer, G. E. Wright, B. A. Mikrut, and C. L. Bell, J. Heterocycl. Chem. 2, 447 
(1965). 

341 W. Pfleiderer, in “Topics in Heterocyclic Chemistry” (R. N. Castle, ed.), p. 77. 
Wiley (Interscience), New York, 1969. 

842 W. Pfleiderer, in “Topics in Heterocyclic Chemistry” (R. N. Castle, ed.), p. 75. 
Wiley (Interscience), New York, 1969. 
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Finally, Mondelli and Merlini 343 have discussed the relationship between 
aromatic character and the extent of enamine tautomerism in 111, 112, 
113, and related derivatives, but they came to no specific conclusions. 



Overall, there is evidently a reduction in aromatic character on introduc¬ 
tion of further nitrogen atoms into the ring system. Although it is difficult 
to assess this quantitatively for the derivatives discussed above, there is 
substantial evidence to support this view for the unsubstituted systems. 
In connection with this Pfleiderer 344 has stated that “the polarity of the 
C=N bonds increases (in di- and triazines) since more ir-electrons are 
partially located at the heteroatoms . . . resulting in a decrease in the 
stabilization energy, or in other words, of the heteroaromatic character.” 

10. “Borazaro-" and “Boroxaro” Rings 

Dewar and co-workers have provided extensive contributions to the 
development of the chemistry of six-membercd rings containing boron 
plus a further heteroatom capable of donating electrons to the vacant 
p-orbital in boron, the resultant structures having six 7r-electrons. Of the 
three possible structurally isomeric rings 114, 115, and 116 (where X is 
an electron donor atom) the first type has received the greatest attention. 
The majority of work has involved rings containing nitrogen as the electron 
donor. 



(114) (115) (116) 

The unsubstituted borazarene (117, R = H), the trivial name for 
2,1-borazarobenzene (for an explanation of the nomenclature see Ref. 63) 

343 R. Mondelli and L. Merlini, Tetrahedron 22, 3253 (1966). 

344 W. Pfleiderer, in “Topics in Heterocyclic Chemistry” (R. N. Castle, ed.), p. 63. 
Wiley (Interscience), New York, 1969. 
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is apparently unstable, 345 in marked contrast to its polycyclic analogs, 63 
and the recently reported 3,2-borazaropyridines (118). 346 A phenyl 
substituent at the Boron atom enhances the stability of a borazarene. 347 
The aromatic character, as well as the background and synthetic pathways, 
have been discussed by Dewar 63 ; accordingly, only a rather brief survey 
will be given here. 


R" 



( 118 ) 


Simple HMO calculations 63 on 119 and 120 suggest that contributions 
from dipolar structures are not very important, though “appreciable” 
resonance energy was implied. Low dipole moments characteristic of 
these structures may, however, arise not from a lack of dipolar character, 
but from a cancellation of cr-bond and ir-bond moments operating in 
opposite directions. 71 UY and NMR absorptions have provided a useful 
base for discussions of aromatic character. The UV absorptions of borazaro 
compounds often closely resemble the spectra of nitrogen heterocycles. 
Thus 10,9-borazarophenanthrene (119) and phenanthrene show similar 
absorptions 64 and the spectra of 2,1-borazaronaphthalene (120) and 
isoquinoline are nearly superimposible. 63 The latter similarity has been 
qualitatively explained by considering contributions from dipolar canonical 
forms (121) to the structure of the latter. 



PMR spectra show absorptions in the aromatic region, e.g., 117 

346 K. M. Davies, M. J. S. Dewar, and P. Rona, J. Amer. Chem. Soc. 89, 6294 (1967). 

346 J. Namtvedt and S. Gronowitz, Acta Chem. Scand. 22, 1373 (1968). 

347 D. G. White, J. Amer. Chem. Soc. 85, 3634 (1963). 
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(R = Ph) absorbs at 5 6.3—7.8, 347 and similar lovv-field shifts have been 
reported by Gronowitz and Maltesson for 3,2-borazaropyridines. 348 
These authors suggested that the magnitude of ortho side chain coupling 
constants indicates that the C-4-C-5 bond order is higher than that of 
the C-5-C-6. 

Dewar and co-workers 349 have considered the “B-NMR shifts of various 
compounds and suggested that two factors affect the boron chemical 
shifts: 7r-donation to the vacant boron p-orbital, and the presence of 
additional lone pairs, over and above those necessary for bonding, on the 
adjacent atom. From a consideration of these two factors and the chemical 
shifts of open-chain boron compounds and both five- and six-membered 
ring compounds including 122-125, they argued that 7r-bonding is more 
important in the cyclic series as would be anticipated if these are aromatic. 
They further deduced that the boroxaro compounds 123 are less aromatic 
than the nitrogen analogs 122, as had been suggested earlier, 63 and also 
that an electron-withdrawing group, e.g., as in 122e opposes ir-bonding 



X = NH or O (125) 

(124) 

(l22d) R = Cl, Y=H 
(122a) R= Me, Y = NO a 


(122a) R = Me, X = H 
(l22b) R = OEt, Y = H 
(122c) R = Ph. Y = H 


between the nitrogen and boron atoms, so reducing the aromatic character 
of the system. The upfield n B shifts for 10,9-borazaronaphthalene (126) 
relative to the decalin analog 127 may again be partly accounted for by 
the aromaticity of the former, although the differences in the U B shifts 
may arise simply from the different hybridizations of the carbon atoms a 
to the boron atom. 360 



(126) 


(127) 


348 S. Gronowitz and A. Maltesson, Acta Chem. Scand. 25, 2435 (1971). 

849 F. A. Davis, M. J. S. Dewar, and R. Jones, J. Amer. Chem. Soc. 90, 706 (1968). 

360 F. A. Davis, M. J. S, Dewar, It. Jones, and S. D. Worley, J. Amer. Chem. Soc. 91, 
2094 (1969). 
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That the B = N bond can take part in aromatic delocalization is amply 
demonstrated by the very similar physical and chemical properties of 
126 and naphthalene itself. 71 In particular, X-ray powder photographs 
of the two compounds are superimposable and the UY spectra compare 
favorably. The mass spectra are also similar, although 126 gives a greater 
yield of fragmentation products. This has been interpreted as support 
for the view that 126 is aromatic but somewhat less so than naphthalene 
itself. 

11. Dithiin, Dioxin, and Derivatives 

Simple considerations of six-membered rings containing two Group YI 
elements lead to the conclusion that the rings will not obey the 4n + 2 
rule. However some aromatic character has been attributed 351-363 to the 
1,4-dithiin (128) and 1,4-oxathiin (129) rings and also to their benzo-fused 
analogs; contributions of the type 130 have been envisaged in which there 
is a valence expansion of the sulfur valence shell. 



(128) (129) (130) 


X-Ray structure determinations of 1,4-dithiin 364 and of thianthrene 
(131) 366 show that the heterocyclic ring is boat-shaped and this may well 



(131) 

accommodate d-orbital participation. The short C-C bond lengths of 
1.29 A and the nearly normal C-S bond lengths in 128, 364 however, seem to 
be inconsistent with extensive delocalization. Various MO calculations of 
differing degrees of sophistication have been performed on these structures. 
A large DE was calculated for both 128 366 and 129 363 using the LCAO-MO 

351 W. E. Parham, T. M. Roder, and W. R. Hasek, J. Amer. Chem. Soc. 75, 1647 (1953). 

352 \y. E. Parham and J. D. Jones, J. Amer. Chem. Soc. 76, 1068 (1954). 

353 A. K. Chandra, Tetrahedron 19, 471 (1963). 

834 P. A. Howell, R. M. Curtis, and W. N. Lipscomb, Acta Crystallogr. 7, 498 (1954). 

366 H. Lynton and E. G. Cox, J. Chem. Soc., 4886 (1956). 

356 M. M. Kreevoy, J. Amer. Chem. Soc. 80, 5543 (1958). 
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method, neglecting overlap and d-orbital participation. However, in a 
more sophisticated treatment 367 of 128, though still neglecting d-orbitals, 
the DE was substantially reduced. A more recent SCF-MO calculation 
showed high double-bond character in 128, 129, and their benzo-fused 
analogs. 358 The NMR spectrum of 128 shows a peak at 5 5.95 which is 
indicative of a vinyl thioether. The isomeric 1,2-dithiin (132) also absorbs 
in this region at 8 6.13 and 5.97. 359 



(132) 


The 1,4-dioxin ring system 133 is less likely to show aromatic character 
than the sulfur analogs discussed above and this view has received some 
theoretical support. 368 ' 360 Early workers 361 ' 362 had, however, assumed that 
the ring was planar, and bond lengths, obtained from an electron diffraction 
study, which fitted a planar model were interpreted as arising from some 
conjugation of the type illustrated in 134, 361 a view which received support 
from an examination of the UY spectrum. 362 Later, the vibrational spectrum 
and the NMR absorption at 5 5.5 showed that conjugation and aromatic 
ring current are both negligible, 64 and no evidence of aromatic character 
was detected on comparing the NMR spectra of 1,4-benzodioxin and 
1,4-dioxene (135). 132 



(133) (134) (135) 


E. Seven-Membered Heteroaromatic Ring Compounds 

Simple applications of the Hiickel rule predict that borepin should 
be aromatic, it being isoelectronic with cycloheptatrienyl (tropylium) 
cation, while the unsaturated seven-membered rings containing an oxygen, 
nitrogen, or sulfur atom are potentially antiaromatic. Discussion of 
antiaromaticity is outside the scope of this review but because of the 

367 D. S. Sappenfield and M. Kreevoy, Tetrahedron, (Suppl. 2), 19, 157 (1963). 

363 M. Kamiya, Bull. Chem. Soc. Jap. 43, 3929 (1970). 

369 W. Schroth, F. Billig, and G. Reinhold, Angew. Chem. Ini. Ed. Engl. 6, 698 (1967). 

360 R. J. Wratten and M. A. Ali, Mol. Phys. 13, 233 (1967). 

361 J. Y. Beach, J. Chem. Phys. 9, 54 (1941). 

362 L. W. Pickett and E. Sheffield, J. Amer. Chem. Soc. 68, 216 (1946). 
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current interest in oxepins, azepines, and thiepins, a brief survey of these 
precedes discussion of compounds which are potential ten-ir-electron 
systems in Section III,E, 2. 

1. Borepin Derivatives 

There have been very few studies on the borepin ring system and ac¬ 
cordingly discussions of its aromatic character have been sparse. Balaban 
and Simon 169 calculated a K value (aromaticity constant) of +28, which 
is much lower than for tropylium cation (+100). Further evidence of 
aromaticity has been based very much on qualitative interpretations of 
spectral features. 

The first borepin derivative to be prepared was the dibenzoderivative 
136 363 and subsequently Dewar commented 364 that it was unlikely to be 



(136) 

aromatic in view of the low stability associated with the isoelectronic 
dibenzotropylium cation. More recently the phenylbenzoborepin (137) 107 
and the benzoborepinol (138) 366 have been synthesized and spectroscopic 
evidence is consistent with some aromatic character of the seven-membered 
ring. The borepin protons in each are deshielded (5 8.22 and 7.22 ppm for 
137 and 8.02 and 6.68 ppm for 138), and the UY spectra of 137 and 138 
are said to resemble closely the spectra of benzotropylium and hydroxy- 
benzotropylium (139), respectively. The NMR spectrum of the dithio- 


(137) 


(136) 



OH 


(139) 

863 E. E. van Tamelen, G. Brieger, and K. G. Untch, Tetrahedron Lett. 8, 14 (1960). 
86,1 M. J. S. Dewar, Progr. Boron Chem. 1, 236 (1964). 

366 G. Axelrad and D. Halpern, Chem. Commun., 291 (1971). 
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phenoborepinol (140), prepared recently by Gronowitz et shows the 
borepin ring protons at 7.02 ppm. Too many factors are involved to allow 
conclusions to be drawn about the compound’s aromaticity, but 140 is 
of interest in that it may provide a route via desulfurization to the first 
simple borepin ring compound. 



OH 

(140) 


2. Azepines, Oxepins, Thiepins, and Some Related Compounds 

Recently Paquette 367 reviewed the physical data on azepines, oxepins, 
and thiepins and discussed concisely the question of antiaromaticity in 
these systems. In short, the rings may suffer antiaromatic destabilization 
if they assume a planar conformation, a conformation which may also be 
destabilized by ring strain. X-Ray data for 141 368 and kinetic data derived 
from variable-temperature NMR studies on benzene oxide oxepin 
(142 ) 369 equilibria suggest that these rings exist in boat conformations 
(143). Recent X-ray analysis has revealed that the related diazepine (144) 
also exists in a boat conformation in the solid state. 370 



(141) (142) (143) (144) 


Since the publication of Paquette’s review, Dewar et al. have performed 
SCF-MO calculations on a range of known and as yet unknown azepine, 
oxepin, 11 and thiepin 10 structures. Calculations predict that oxepin (142) 

366 S. Gronowitz, P. Gassne, and B. Yom-Tov, Acta Chem. Scand. 23, 2927 (1969). 

367 L. A. Paquette, in “Nonbenzenoid Aromatics,” (J. P. Snyder, ed.), Vol. I, p. 249. 
Academic Press, New York, 1969. 

368 1. C. Paul, S. M. Johnson, L. A. Paquette, J. H. Barrett, and R. J. Haluska, J. Amer. 
Chem. Soc. 90, 5023 (1958). 

369 H. Gunther, Tetrahedron Lett., 4085 (1965). 

370 It. Allmann, A. Frankowski, and J. Streith, Tetrahedron 28, 581 (1972). 
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has a slightly positive Dewar resonance energy of 0.12 kcal mole -1 , whereas 
the unknown thiepin (145) and azepine (146) have small negative reson- 


H 



(145) (146) 


ance energies of —1.45 and —1.8 kcal mole -1 , respectively. Calculations 
on mono-, di-, and tribenzo-fused structures predict that where fusion is 
to a carbon-carbon double bond of the sevcn-membercd ring, then values 
of the resonance energy are very similar to that calculated for the cor¬ 
responding number of free benzene rings (see Table III). Where fusion 
destroys the benzene conjugation the resonance energy is very low. The 
thiophene derivative 147 was predicted to have a lower resonance energy 
than thiophene—a result which is discussed in the light of other data 
for this compound in Section III, H, 1. Calculated bond lengths in all 
the above compounds are similar to those expected for polyene structures; 
earlier an LCAO calculation 371 had predicted a greater bond order for the 
10, 11 bond in 148 (R = H) over the corresponding bond in phenanthrene. 



(147) (148) 


Proton chemical shift data for various derivatives of azepines, 367 ' 372 
oxepins, 367 and thiepins 373 suggest that the systems are best regarded as 
polyenes. The oxepin 148 (R = Me) shows a larger coupling between 
the C-10 methyl group and the C-ll proton than the comparable coupling 
in 9-methylphenanthrene, which could be indicative that the double-bond 
character of the ring C-C bond is greater in the former, but which could 
also be explained in terms of a ring size effect. 

By contrast with the above ring systems, thiepin-1,1-dioxide (149) 
is a structure which has been regarded as being capable of supporting a 

S71 P. M. G. Bavin, K. D. Bartle, and D. W. Jones, J. Heterocycl. Chem. 5, 327 (1968). 
372 R. J. Sundberg and R. H. Smith, Tetrahedron Lett., 267 (1971). 

S7S H. Hofmann and H. Westernaeher, Angew. Chem. Int. Ed. Engl. 5, 958 (1966). 
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six-7r-clectron structure by invoking electron withdrawal onto the oxygen 
and/or possible participation of the vacant d-orbitals (149b); if analogies 



(149a) (149b) 


are sought, then 149 is the “six-7r-electron” analog of 150 which was 
considered in Section III,A. Mock 374 successfully synthesized 149 in 1967 
but found that the UY absorption was similar to that of cycloheptatriene 
and that the PMR spectrum showed absorptions at S 6.5-7.2, which is 
reminiscent of a polyene. An X-ray crystallographic determination 376 
of the structure showed that the molecule exists in a shallow boat con¬ 
formation. The carbon-carbon bond lengths show high bond alternation, 
indicative of polyene character, but the C-S bonds are unusually short, 
which suggested some specific conjugation between sulfur and the C-l and 
C-6 atoms. A more refined analysis of the NMR spectrum has recently 
been published 376 and the coupling constants are considered to be consistent 
with the flattened boat structure which is adopted in the solid state. 
Comparison of the chemical shifts with those in cycloheptatriene and the 
dihydro ring (151) suggested that thiepin 1,1-dioxide has some extra 
ir-electron delocalization over and above the simple valence-bond structure 
(149a), but clearly the ring can hardly be classified as aromatic. 



(150) (151) 


If further heteroatoms carrying lone pairs of electrons are introduced 
into a ring then it is conceivable that a seven-membered ring can become 
aromatic by virtue of its being a ten-ir-electron system. Of the two arrange¬ 
ments of heteroatoms, 152 and 153, the former is the more feasible for 

374 W. L. Mock, J. Amer. Chem. Soc. 89, 1281 (1967). 

s75 H. L. Ammon, P. H. Watts, J. M. Stewart, and W. L. Mock, J. Amer. Chem. Soc. 
90, 4501 (1968); H. L. Ammon, P. H. Watts, and J. M. Stewart, Acta Crystallogr., 
Sect. B 26, 1079 (1970). 

376 M. P. Williamson, W. L. Mock, and S. M. Castellano, J. Magn. Res. 2, 50 (1970). 
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X, Y, or Z = S, O, X, Y, or Z = S, O, 

or NR or NR 

(152) (153) 

study. Vol’pin, 377 however, has commented that a structure such as 
152 with two adjacent nitrogen atoms has an insufficient number of 
molecular orbitals to contain all the p-electrons (see also Section III,F, 1). 
Allinger and Youngdale 378 examined a series of the dibenzo-fused analogs 
(154a-e) and found that the UV spectra in all were rather similar, sug¬ 
gesting a lack of delocalization in the ten-7r-electron system. The sulfur 
analog 154e, however, is a slightly weaker base than the carbon analog 
154a (pA a ’s 2.81 and 3.10), which implies a small degree of aromatic 
character in the former, and indeed an NMR study showed that the 
hydrazo protons of 154e were somewhat deshielded with respect to those 
in 154a. The authors concluded that while 154a-d are nonaromatic, 
154e may have some aromatic character. 



(154a) x= ch 2 
(154b) X = NH 
(154c) X = NMe 
(154d) X = O 
(154a) X = S 


Breslow and Mohacsi 379 reported acidity studies on 155a, 155b, and their 
open-chain analogs, but the similar acidities of the cyclic compounds and 



(155a) X=S (156a) X=S 

(155b) X= O (156b) X=0 


377 M. E. Vol’pin, Russ. Chem. Rev. 29, 129 (1960). 

378 N. L. Allinger and G. A. Youngdale, J. Amer. Chem. Soc. 84, 1020 (1962). 

379 R. Breslow and E. Mohacsi, J. Amer. Chem. Soc. 85, 431 (1963). 
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their noncyclic counterparts argued against aromatic character in the 
anions 156a and 156b. The authors suggested that strain factors may 
have hindered the rings becoming planar. 

F. Eight-Membered Heteroaromatic Ring Compounds 
1. Neutral Compounds 

From the results of MO calculations, Balaban and Simon 380 predicted 
that the resonance energy of the planar conformation of 157 might be 
sufficient to overcome strain energy involved in achieving planarity; by 
contrast the oxygen analog 158 was predicted to be nonplanar and hence 



(157) (158) 

nonaromatic. Schroth and co-workers prepared the first derivatives of 
these—the benzo-fused compounds 159 381 and 160 382 —and more recently 



(159) (160) 


other groups have studied 16 1 383 and the nitrogen analog 162. 384 The 
chemical shifts of the protons on the eight-membered rings are shown on 
the diagrams and the values are inconsistent with the presence of an 
appreciable ring current in these compounds. The UY spectra, where 
reported, show a lack of conjugation, indicative that the molecules exist 
in tub-shaped conformations. However, in sharp contrast, Riley and Park 386 
prepared and examined the first non-benzo-fused analog 163, and here the 
authors suggested that the F NMR shifts indicate the existence of a ring 
current. If this is indeed the case, then Balaban and Simon’s prediction 
is well fulfilled. 

380 A. T. Balaban and Z. Simon, Rev. Roum. Chim. 10, 1059 (1965). 

381 W. Schroth and B. Werner, Angew. Chem. Int. Ed. Engl. 6, 697 (1967). 

382 W. Schroth, F. Billig, and A. Zschunke, Z. Chem. 9, 184 (1969). 

383 D. L. Coffen, Y. C. Poon, and M. E. Lee, J. Amer. Chem. Soc. 93, 4627 (1971). 

381 H.-J. Shue and F. W. Fowler, Tetrahedron Lett., 2437 (1971). 

386 M. O. ltiley and J. D. Park, Tetrahedron Lett., 2871 (1971). 
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Me 



(163) 

Both Vol’pin 377 and Balaban and Simon 380 suggested that the isomeric 
compounds containing the two heteroatoms adjacent to each other have 
reduced stability (cf. Section III,F, 2, following). The explanation given 
by Vol’pin, of insufficient molecular orbitals to accommodate the p- 
electrons, has, however, been disputed by the second group. HMO calcula¬ 
tions by Allinger and Youngdale 386 predicted substantial DE for the nitrogen 
analogs of this type of compound, 164 and 165 (R = H), but the failure 
of 166 to isomerize to 165 (R = Ar) probably illustrates the unreliability 
of the HMO method for this type of assessment. Paudler and Zeiler, 387 
however, have claimed that UV data for 167a-c show conjugation, indica¬ 
tive of some tendency of the central ring to become planar. 



R R' 


(167a) R = R' = H 
(167b) R = H, R' = Me 
(167c) R = R' = Me 

SM N. L. Allinger and G. A. Youngdale, J. Org. Chem. 25, 1509 (1960). 
387 W. W. Paudler and A. G. Zeiler, J. Org. Chem. 34, 3237 (1969). 
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Of all the rings examined only the non-benzo-fused compound 163 
apparently has sufficient resonance energy to overcome the strain involved 
in acquiring planarity. Fusion of an aromatic ring to a benzene nucleus 
is well known to reduce its aromaticity and this may account in part for 
the apparent nonplanarity and nonaromaticity of the fused analogs. 

2. Anionic Compounds 

An alternative approach to a ten-7r-electron system is the generation of 
anionic species. Coates and Johnson 388 have examined the kinetic acidities 
of 168 and 169 and compared them with the acidities of 170 and 171. 



Me Me 

(170) (171) 


They reported that there was only a moderate enhancement in the former 
and concluded that the anion 172 could only exhibit a small degree of 
aromatic character. Similar studies on the dibenzo-fused analogs failed 
to detect any aromatic stabilization of the anions. 


(172) 

Paquette et al. m examined a number of derivatives of the nitrogen 
analog of cyclooctatetraene, e.g., 173, and like the hydrocarbon these 

368 R. M. Coates and E. F. Johnson, J. Amer. Chem. Soc. 93, 4016 (1971). 

389 L. A. Paquette, J. F. Hansen, and T. Kakihana, J. Amer. Chem. Soc. 93, 168 (1971). 
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readily form stable dianions 174. The DE of 5.1/3 calculated for the azocine 
dianion is greater than that for the cyclooctatetraene dianion and is 
evidently more than sufficient to compensate for the ring strain of the 
planar conformation. 



OMe OMe 


(173) (174) 

G. Nine-Membered Heteroaromatic Ring Compounds 
In the past few years a considerable amount of work has been directed 
towards the study of the heterocyclic analogs of cyclononatetraene— 
compounds commonly referred to as the heteronins. Apparently the first 
heteronins to be prepared were the dibenzo-fused analogs 175 (X = S, O), 390 
and subsequently oxonin (176), 391 ' 392 various azonins 67 ' 393 ' 394 including the 



(177) R = H 

(175) (176) (178) R = Me 



(179) (180) 


890 A. P. Bindra, J. A. Elix, P. J. Garratt, and R. H. Mitchell, J. Amer. Chem. Soc. 
90, 7372 (1968). 

891 A. G. Anastassiou and R. P. Cellura, Chem. Commun., 903 (1969). 

892 S. Masamune, S. Takada, and R. T. Seidner, J. Amer. Chem. Soc. 91, 7769 (1969). 
898 A. G. Anastassiou and J. H. Gebrian, J. Amer. Chem. Soc. 91, 4011 (1969). 

894 S. Masamune, K. Hojo, and S. Takada, Chem. Commun., 1204 (1969). 
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parent 177, 396 and the interesting cis and trans isomers 179 and 180 396 
have been documented. 

The compounds may acquire a ten-7r-electron system by incorporation 
of a lone pair from the heteroatom and as such they may be regarded as 
the ten ir-analogs of furan, pyrrole, and thiophene. Anastassiou 397 has 
recently surveyed various properties of heteronins including NMR, UY, 
and stability data and, in particular, the author points out some marked 
differences in the properties of 176 and 177. The former is heat-sensitive, 
shows UY absorptions similar to the absorptions of cyclononatetraene, 
and its NMR spectrum (cf. also Masanume et al. m ) is typical of a polyenic 
structure. By contrast 177 is less thermally labile, shows UV absorptions 
similar to those of cyclononatetraene anion, and the NMR spectrum 
exhibits peaks centered at 5 7.07, 6.82, and 6.0, some 0.5-0.9 ppm downfield 
relative to the absorptions in the NMR spectrum of 176. Further evidence 
for the aromaticity of 177 and the polyene character of 176 is forthcoming 
from the S values 398 (Section II,D, 5). Thus 177 has an S value of 1.35, 
which is greater than the values for benzene (1.0) and for pyrrole (0.9) 
and is comparable with that of naphthalene (1.35). By contrast the small 
negative S value of —0.07 for 176 is comparable with that of cyclonona¬ 
tetraene ( — 0.05) and suggests a small degree of antiaromatic character. 398 

NMR and UV data were also collected for some azonins which show 
properties intermediate between those of 176 and 177. 67 Azonins carrying 
a carbonyl function at the nitrogen atom tend to be polyenic, presumably 
because the lone pair is less available for donation into the 7r-system, while 
V-alkyl- and V-benzylazonins more closely resemble 177. However, the 
NMR data, UV data, and the low S value (0.34) for the V-methylazonine 
(178) demonstrate that the aromatic character is less well developed in 
these compounds than in the parent, and it has been suggested that the 
rings may be slightly puckered because of unfavorable steric interactions 
between the substituent on the nitrogen atom and the a-protons. 67 NMR 
spectral data for 179 and 180 suggest that these compounds do not sustain 
ring currents in the nine-membered rings. 396 The NMR and UV spectral 
data of the azonine anion 181 have also been reported recently 399 and 
these were said to demonstrate that the ring is probably planar and 
aromatic. 

396 A. G. Anastassiou and J. H. Gebrian, Tetrahedron Lett., 825 (1970). 

399 P. J. Garratt, A. B. Holmes, F. Sondheimer, and K. P. C. Vollhardt, J. Amer. Chem. 

Soc. 92, 4492 (1970). 

397 A. G. Anastassiou, Accounts Chem. Res. 5, 281 (1972). 

399 A. G. Anastassiou and H. Yamamoto, J. Chem. Soc. D, 286 (1972). 

399 R. T. Seidner and S. Masamune, J. Chem. Soc. D, 149 (1972). 
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(181) 

Although data are only available to compare fully the nitrogen- and 
oxygen-containing compounds, it is interesting that in both the nine- 
and five-membered ring series the oxygen analog is less aromatic than 
the nitrogen analog, as is expected on the basis of electronegativity argu¬ 
ments. However, it appears further that oxonin, unlike furan, is fully 
nonaromatic. 

H. Bicyclic Ten-7t-Electron Heteroaromatic Compounds 
1. Heteroazulenes 

The term “heteroazulenes” is used here rather loosely and certainly 
unsystematically to describe compounds containing one or more hetero¬ 
atoms within an azulene-type framework. The aromaticity of hetero¬ 
azulenes should in principle bear at least some resemblance to that of the 
six-membered ring heteroaromatics, but this notion has received rather 
scant attention. 

Calculations 400 have predicted that nitrogen-containing rings, azaazul- 
enes, should show a degree of bond alternation which increases on going 
from 182 to 183, and, in that this reflects a reduction in the aromatic 
character, it is reminiscent of the trend in the azine series (Section 
III,D, 9). Oxygen- and sulfur-containing structures having potential 
ten-7r-electron systems are of necessity analogs of pyrylium, thiopyrylium, 
pyranone, and thiapyranone, etc. Zahradnik and Parkanyi 187 have included 
in their wide-ranging calculations on sulfur heterocycles, structures 184, 
185 (R = H), and 186 and bond orders were estimated for these. Inspec¬ 
tion of the results reveals that the bond alternation is least for 184, and 
partial support for the view that 184 is the most stable derives from 
independent determinations of pA B + for 184 and 185 (R = Me). The 
former has a pXr + of 6.0 401 and the latter 2.92 402 (cf. tropylium 4.7). 
However, as Turnbo et al. im point out, the position of equilibrium is 
dependent upon the stability of both the carbonium ion and its conjugate 
base. NMR spectra of derivatives of 185 70 ' 403 and 184 403 show considerable 

490 U. Miiller-Westerhoff and K. Hafner, Tetrahedron Lett., 4341 (1967). 

401 R. G. Turnbo, D. L. Sullivan, and R. Pettit, J. Amer. Chem. Soc. 86, 5630 (1964). 

402 A. A. Ginesina and A. V. El’tsov, J. Gen. Chem. USSR 39, 2543 (1969). 

403 R. Guilard and P. Founari, Bull. Soc. Chim. Fr., 1437 (1971). 
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downfield chemical shifts which presumably can be attributed to both 
ring current effects and the electrophilicity of the rings. 



(184) (185) (186) 


A variety of compounds having the thiaazulenone structures 187 and 
188 have been prepared, 70 ' 403 ' 404 and these include the parent molecules. 403 
Infrared data, e.g., for 187 (R = Me), 70 show carbonyl bands at 6.36 
and 6.21/* and the low frequencies imply a degree of single-bond character 
for the carbonyl function. However, positive solvatochromism observed 
by Seitz and Monnighoff 406 for 189 was interpreted by these authors in 
terms of a large contribution from the apolar form 189a, and the lower 
dipole moments of methyl derivatives of 187 and 188 relative to 4,5- 


R R 



(189a) (189b) 

404 A. V. El’tsov and A. A. Ginesina, Zh. Org. Khim. 3, 191 (1967); A. A. Ginesina and 
A. V. El’tsov, ibid. 4, 1096 (1968); A. A. Ginesina, L. N. Kivokurtseva, and A. V. 
El’tsov, ibid. 5, 570 (1969). 

406 G. Seitz and H. Monnighoff, Angew. Chem. Int. Ed. Engl. 9, 907 (1970). 
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benzotropone led Lumbroso et al. Me to conclude that contributions from 

—S + =C-C—O - forms in these compounds aie small. Inspection 

of the NMR data 403 for 187 (R = H) and 188 is suggestive of dienone 
character which is greater in the former, and this would seem to cor¬ 
respond well with the predicted order of aromatic character for the 
analogous cations 185 and 184. 187 

In the oxygen series, Cook and Forbes 68 discussed the NMR, IR, and 
UY spectra of 190 and concluded that the seven-membered ring sustains a 
small ring current compared with that of tropone and that 190 can hardly 
be regarded as a ten-7r-electron aromatic system, a view consistent with 
two sets of HMO calculations 407 ' 408 which predicted considerable bond 
alternation. Klasinc et al. m further predicted that 190 has a lower DE 
than the isomeric structures 191, 192, 193, and 194 and that each of these 
is less aromatic than the corresponding benzotropone structures. Greco 
and Pesce 409 have recently studied the pyrazolo analog (195), which 
appears to exist as such rather than as a hydroxy compound. PMR 
resonances occur in the same region as for 190, and from the UV absorption 
the authors suggest that 195 may lie intermediate between 4,5-benzo- 
tropone and 190 on an aromaticity scale. 


o 



(193) (194) 




O 


(195) 


408 H. Lumbroso, C. Pigenet, and R. Guilard, C. R. Acad. Sci. Ser C 270, 1905 (1970). 

407 D. R. Burnham and M. J. Cook, Tetrahedron Lett., 3771 (1968). 

408 L. Klasinc, Z. Majerski, and N. Trinajstic, Z. Phys. Chem. 239, 262 (1968). 

409 C. V. Greco and M. Pesce, J. Org. Chem. 37, 676 (1972). 
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Other systems which should be included in this section are the thiepin 
derivatives 196 and 197 which, if the analogy with six-membered ring 
systems is pursued, correspond to dithiin and oxathiin (Section III,D, 11). 
These compounds, together with the S-oxides 198 and 199, and the S,S- 
dioxides 200 and 201 have been studied by Schlessinger et aZ. 410 ' 411 UV 
spectral data have been interpreted in terms of extended conjugation in 
196 and 197 relative to the oxidized products, and NMR data were com¬ 
pared with data for the dihydro analogs 202a-c and 203a-c. The data 
show that the chemical shifts of the seven-membered ring protons in the 
sulfones 200 and 201 are deshielded with respect to the olefinic protons 
in 202c and 203c, whereas the reverse is seen to be true following a similar 
comparison of the data for the unoxidized compounds 196, 197, 202a, 
and 203a. It was suggested 410 during a discussion of the properties of 196 
that the structure may have a paramagnetic ring current, from which 
the authors concluded somew'hat curiously that 196 “possesses considerable 
aromatic-like character” relative to its derivatives 198 and 200. The 
X-ray analyses of 196 and 200 were subsequently interpreted 412 as support 
for this view; the analysis of 196 shows that the molecule is planar with a 
crystal structure similar to that of azulene (though the crystal disorder 
precluded measurements of bond lengths). By contrast, the X-ray analysis 
of 200 revealed that the seven-membered ring is puckered (see Section 
III,E, 2) and that the carbon-carbon double bonds are very short 
(1.328-1.3361). 



(196) X = S (198) X = S (200) X = S 

(197) X = O (199) X = O (201) X = O 



(202a) Y = S (203a) Y = S 

(202b) Y = SO (203b) Y = SO 

(202c) Y = SO, (203c) Y = SO, 


410 R. H. Schlessinger and G. S. Ponticello, Tetrahedron Lett., 3017 (1968). 

411 R. H. Schlessinger and G. S. Ponticello, Tetrahedron Lett., 4361 (1969). 

412 T. D. Sakore, R. H. Schlessinger, and H. M. Sobell, J. Amer. Chem. Soc. 91, 3995 
(1969). 
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Dewar and Trinajstic 10 subsequently calculated the Dewar resonance 
energy of 196, neglecting d-orbital participation, to be only 3.5 kcal 
mole -1 , substantially lower than the value for thiophene, but reported 
also that bond lengths showed some divergence from true polyenic bond 
lengths. They suggested that the earlier interpretation of the X-ray data 
in terms of the compound’s aromaticity is equivocal and that the entropy 
of the disordered crystal may in itself be sufficient to flatten the ring. 
They concluded that 196 is best regarded as a thiophene ring fused to a 
nonaromatic or weakly aromatic moiety. 

In conclusion, it can be said that the available data do not allow definitive 
conclusions to be drawn. A number of the compounds are clearly borderline 
cases; they can neither be regarded as truly “aromatic” nor truly 
“polyenic”. In this respect the heteroazulenones are somewhat comparable 
to the corresponding six-membered ring structures. Insufficient data 
are available at the present time to state categorically whether or not a 
similarity exists between the thienothiepins and dithiin. 

2. Pseudoazulenes 

The term “pseudoazulenes” refers to structures in which a heteroatom 
capable of donating a lone pair of electrons into the conjugated system has 
formally replaced two sp 2 carbon atoms of the azulene structure; thus the 
relationship of pseudoazulenes to azulenes is comparable to that of furan, 
pyrrole, and thiophene to benzene. Alternatively the class may be regarded 
as bicyclic analogs of the heteronins (Section III,G). Various examples 
of structures 204-207 are known; structure 208 has also been considered 
briefly by Zahradnik and Parkanyi. 187 Indolizine and related structures 
which may be classified as pseudoazulenes having a bridgehead nitrogen 
are considered in the following section. 



(204) (205) (206) 


(207) 



Pseudoazulenes have attracted theoretical interest, being the subject 
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of calculations of varying degrees of sophistication. DE’s and bond lengths 
calculated by the HMO method have been used to predict a decreasing 
order of aromaticity 204 > 205 > 207 > 206. 413 Inspection of the bond 
alternation in 204 (X = S) and 205 (X = S) calculated by Zahradnik and 
Koutecky, 414 again using the HMO method, are in line with this view. 
Similarly Evleth, 416 using SCF calculations (primarily for a study of 
electronic spectra, sec also Fabian et al . 416 ) showed that 204 (X = NR) is 
more stabilized than 205 (X = NR), but that both are substantially 
less aromatic than indole. The author commented that the low resonance 
energy of 204 (X = NR) is reflected in the fact that the parent 204 
(X = NH) exists predominantly in the tautomeric forms 209 and 210. 417 
Borsdorf, 418 ’ 419 using the HMO method, calculated that the oxygen analog 
204 (X = O), DE = 2.66/3, is less aromatic than the nitrogen analog 
204 (X = NH), DE = 2.79/3, and that both values of DE are less than 
that of azulene, 3.36/3. Similar comparisons were made for benzo-fused 
analogs of these pseudoazulenes. 419 ' 420 



(209) (210) 


Raimondi and Favini 421 calculated bond distances for various pseudo¬ 
azulenes containing both a pyrrole-type nitrogen and a pyridine-type 
nitrogen, and their results predict only very minor perturbations of 
carbon-carbon bond lengths in 204 (X = NR) and 205 (X = NR) 
on replacing a =CH— moiety by =N—. 

NMR spectral data for 205 (X = NPh) 422 and 205 (X = S) 422 . 423 
show absorptions in the region 5 6.6-8.4, but methyl substitution at either 
the C-l or C-4 position of the latter system leads to an upfield shift of the 
C-3 proton to 6 ppm. The NMR spectrum of 211 shows a peak for 

113 G. V. Boyd, Tetrahedron Lett., 1421 (1965). 

414 R. Zahradnik and J. Koutecky, Collect. Czech. Chern. Commun. 28, 1117 (1963). 

416 E. M. Evleth, Theor. Chim. Acta 16, 22 (1970). 

416 J. Fabian, A. Mehlhorn, and R. Zahradnik, Theor. Chim. Acta 12, 247 (1968). 

417 A. G. Anderson and H. L. Ammon, Tetrahedron 23, 3601 (1967). 

418 R. Borsdorf, Z. Chem. 4, 422 (1964). 

419 R. Borsdorf, J. Prakt. Chem. 32, 211 (1966). 

420 It. Borsdorf, Z. Chem. 5, 187 (1965). 

421 M. Raimondi and G. Favini, Gazz. Chim. Had. 98, 433 (1968). 

422 A. G. Anderson, W. F. Harrison, and R. G. Anderson, J. Amer. Chem. Soc. 85, 3448 
(1963). 

423 R. Radeglia and R. Wagner, Z. Chem. 4, 145 (1964). 




MICHAEL J. COOK ET AL. 


348 


[Sec. III.H.3. 


the pseudoazulene ring proton at 5.74 ppm, which argues against sub¬ 
stantial aromatic character in this system. 424 



Ph 

(211) 


The mass spectra of various benzo-fused pseudoazulenes e.g., 212, 
213, and 214 show the mass ion as the base peak, and the authors 426 have 
associated this with the aromaticity of these structures. However, it must 
be said that the overall picture is somewhat unclear at the present time. 



(212) (213) (214) 

3. lndolizine and Some Related Compounds 

Dewar and Trinajstic 13 calculated the Dewar resonance energy of in- 
dolizine (215) to be 6.9 kcal mole -1 , and the structure may perhaps be 


(215) 

best regarded as a derivative of pyrrole (5.6 kcal mole -1 ). Such a view is 
consistent with the SCF-CI calculations by Evleth 416 which showed that 
the DE of 215 and of isoindole are comparable and less than the DE of 
indole. Basicity measurements show that the ERE of the five-membered 
ring is substantial. 273 [In this approach the basicity of 215 (pff a 3.94) is 



(216) 


424 G. V. Boyd and D. Hewson, J. Chem. Soc., C 2959 (1968). 

426 N. P. Buu-Hoi, A. Croisy, P. Jacquignon, A. Martani, and A. Itiooi, J. Heterocycl. 
Chem. 7, 931 (1970). 
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compared with that of 216 (estimated p K & 18.3). The difference in reso¬ 
nance energy of the two bases is then calculated to be 24 kcal mole -1 .] 
LCAO-SCF-MO calculations 426 predicted substantial bond alternation in 
215; however, this was not reproduced by the SCF-C1 calculations of 
Galasso et al . 427 

Earlier, Mason 266 studied the aza analogs of indolizine and indole and 
found that the electronic spectra of the former series conformed more 
closely to the spectrum of the indenyl anion, from which it was concluded 
that 7r-electron delocalization is more pronounced in this series, a result 
which appears to be contrary to the conclusions from MO calculations. 
Proton resonances in the PMR spectrum of 215 and of various aza- 
indolizines 428 ' 429 show that these compounds sustain a ring current, and 
Black, Brown, and Hefferman, 429 in a study designed to correlate electron 
density and chemical shift data, commented that the data also support 
Mason’s view that ir-electron delocalization is more extensive in these 
compounds than in the indole series. 

Oxa 430 and thia 431 derivatives of indolizine, e.g., 217a and 217b, also 
show substantial deshielding of the ring protons, although here the positive 
charge on the ring is itself a deshielding factor. Compound 217a shows no 
ring protons resonances at a higher field than 5 7.8, and 217b shows no 
peaks at higher field than 5 7.5. 



(217a) X = O, R = Me 
(217b) X = S, R = M 


4. Thienothiophenes ( Thiophthenes ) 

There are four possible isomeric thiophthenes, 218, 219, 220, and 221 
and examples of each have been reported. The fourth structure can be 


H s 



(218) (219) (220) (221) 


426 C. Aussems, S. Jaspers, G. Leroy, and F. Van Remoortere, Bull. Soc. Chim. Belg. 
78, 479 (1969). 

427 V. Galasso, G. De Alti, and A. Bigotto, Theor. Chim. Acta 9, 222 (1968). 
i28 \y \y. Paudler and J. E. Kuder, J. Heterocycl. Chem. 3, 33 (1966). 

429 P. J. Black, R. D. Brown, and M. L. Hefferman, Aust. J. Chem. 20, 1305, 1325 (1967). 

430 C. K. Bradsher and M. F. Zinn, J. Heterocycl. Chem. 1, 219 (1964); 4, 66 (1967). 

431 C. K. Bradsher and D. F. Lohr, J. Heterocycl. Chem. 3, 27 (1966). 
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represented as a resonance hybrid of mesoionic canonical forms, e.g., 
222a, and/or forms in which d-orbital participation is invoked, e.g., 
222b. (For discussions of d-orbital participation see, for example, Dewar 
and Trinajstic 10 and Salmond. 308 ) 


s J fi 


(222a) (222b) 

The X-ray structural determination of thieno[3,2-b]thiophene (218) 
has been reported: the central bond is of comparable length to the other 
bonds a/3 to the sulfur atoms, 432 and the data suggest that there is con¬ 
siderable aromatic character. Using SCF-MO calculations on a p model, 
Clark 433 calculated that structure 218 is 46 kcal mole -1 more stable than 
221. More recently Dewar and Trinajstic 10 calculated the Dewar resonance 
energy, ignoring d-orbitals, for the series 218-221 and obtained the values 
11.3, 5.9, 10.5, and —33.9 kcal mole -1 , respectively. The ratios of the 
resonance energies of both 218 and 220 to that of thiophene are comparable 
with the ratio of the resonance energies of naphthalene to benzene. By 
contrast thieno[3,4-6]thiophene (219) has lower Dewar resonance energy 
than thiophene, 6.5 kcal mole -1 , and compares somewhat with 223. 


Proton chemical shift data 434 ’ 436 for 218, 219, and 220 or simple deriva¬ 
tives of these are consistent with the conclusions to be drawn from the 
Dewar resonance energy calculations. Thus proton 3 in 219 434 absorbs 
at & 6.70-6.79, which is at higher field than the proton absorptions reported 
for the other structures. 

The initial report 436 that 224 was observed as an unstable intermediate 
has been considered 10 ' 433 to be consistent with the predictions of instability 
drawn from the MO calculations. However, the subsequent preparation 
of the stable compound 225, 437 which shows the mass ion as the base 

« s E. G. Cox, R. J. J. H. Gillot, and G. A. Jeffrey, Acta Crystallogr. 2, 356 (1949). 

4SS D. T. Clark, Tetrahedron Lett., 5257 (1967). 

4,4 H. Wynberg and D. J. Zwanenburg, Tetrahedron Lett., 761 (1967). 

4S5 V. P. Litvinov and G. Fraenkel, lev. Akad. Nauk. SSSR Ser. Khim., 1828 (1968). 

484 M. P. Cava and N. M. Pollack, J. Amer. Chem. Soc. 89, 3639 (1967). 

487 M. P. Cava and G. E. M. Husbands, /. Amer. Chem. Soc. 91, 3952 (1969). 



Sec. III.H.5.] 


AROMATICITY OF HETEROCYCLES 


351 


peak in the mass spectrum, as well as the preparations of compounds 
such as 226 438 and 227 439 seem contrary to these predictions and imply a 
deficiency in the assumption of a simple p-orbital model. 


Me Ph Ph Ph 



Me Ph Ph Ph 


(224) (225) (226) (227) 

The four isomers have been subject to a number of calculations designed 
to predict or account for preferred sites of reactivity, UY spectral data, 
and bond lengths, but the results have not been interpreted in terms of 
aromatic character (for the more recent calculations see Clark et al. ii0 ). 

5. Miscellaneous Heteropentalenes 

The NMR spectra of the chemically unstable diazapentalene (228) 
and the benzo derivative of the triazapentalene (229) have been studied. 
The former shows absorptions at 5 6.65 and 7.01 441 (cf. Solomons and 
Voigt 102 ’ 442 ), and the latter shows 443 one proton at 5 6.66 with the remainder 
in a broad envelope at 6.92-7.60 ppm. 



(226) (229) 


Studies on the tetraazapentalenes have been rather more extensive. 
The crystal structures of 230a and 230b show 444 that the system is planar 

438 J. D. Bower and R. H. Schessinger, J. Amer. Chem. Soc. 91, 6891 (1961). 

439 M. Carmack, R, W. Street, and R. V. Wen, Nat. Meeting Amer. Chem. Soc., 158th, 1969. 

440 D. T. Clark, Tetrahedron Lett., 2889 (1967); N. Trinajstic and Z. Majerski, 
Z. Naturforsch. A 22, 1475 (1967); N. Trinajstic and A. Hinchliffe, Croat. Chem. Acta 
39, 119 (1967); D. T. Clark, Tetrahedron 24, 2567 (1968); J. Mol. Spectrosc. 26, 181 
(1968); J. Fabian, A. Mehlhorn, and R. Zahradnik, J. Phys. Chem. 72, 3975 (1968); 
A. Skancke and P. N. Skancke, Acta Chem. Scand. 24, 23 (1970); A. Tajiri, T. Asona, 
and T. Nakajima, Tetrahedron Lett., 1785 (1971). 

441 S. Trofimenko, J. Amer. Chem. Soc. 87, 4393 (1965). 

442 T. W. G. Solomons and C. F. Voigt, J. Amer. Chem. Soc. 87, 5256 (1965). 

448 B. M. Lynch and Y.-Y. Hung, J. Heterocycl. Chem. 2, 218 (1965). 

444 M. Brufani, W. Fedeli, G. Giacomello, and A. Vaciago, Chem. Ber. 96, 1840 (1963). 
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(230a) X = CO a Rb 
(230b) X = Br 


and can be regarded as aromatic. The aromaticity of the benzo and dibenzo 
tetraazapentalene series (231), (232), (233), (234) has been the subject 
of a study by researchers from the E. I. du Pont de Nemours Company 446 . 446 
(see also Carboni et ah 447 ); heats of combustion were measured for each 
compound and the data were used to derive ERE values. The choice of 
suitable nonaromatic models is not straightforward for such systems but 
the results nevertheless demonstrated substantial aromaticity for the 
tetraazapentalene nuclei. Values of 84.7, 92.8, 121.7, and 132.4 kcal 
mole -1 were reported for the ERE of 231 to 234, respectively; the latter 
two values surpass the values of 110 and 116.5 kcal mole -1 for the car- 
bocyclic systems naphthacene and chrysene. HMO calculations were 
reported 446 which were in accord with the greater aromaticity of the 
isomers with the branched nitrogen chain over those with the Z-shaped 
chain. The NMR spectra of both 233 148 and 234 149 have been examined in 



(231) (232) (233) 



(234) 


445 y. T. Chia and H. E. Simmons, J. Amer. Chem. Soc. 89, 2638 (1967). 

448 R. A. Carboni, J. C. Kauer, J. E. Castle, and H. E. Simmons, J. Amer. Chem. Soc. 
89, 2618 (1967). 

447 R. A. Carboni and J. E. Castle, J. Amer. Chem. Soc. 84, 2453 (1963); R. A. Carboni, 
J. C. Kauer, W. R. Hatchard, and R. J. Harder, ibid. 89, 2627 (1967); J. C. Kauer and 
R. A. Carboni, ibid. 89, 2633 (1967); R. J. Harder, R. A. Carboni, and J. E. Castle, 
ibid. 89, 2643 (1967). 

448 J. H. Hall, J. G. Stephanie, and D. K. Nordstrom, J. Org. Chem. 33, 2951 (1968). 

449 J. H. Hall, J. Org. Chem. 36, 217 (1971). 
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detail and there is a reasonable correlation between chemical shift and 
charge density as calculated by the HMO method. 446 A theoretical study 
of the electronic structure of the parent of ring system 230 has also been 
reported. 460 

The NMR spectral data for anionic heteropentalenes show that the 
species are truly ionic, rather than covalently bonded (to the metal 
counterion). Proton chemical shifts for the series 235a, 109 235b, 110 and 
235c 108 demonstrate that the species are symmetrical and that the negative 
charge is delocalized over the ring. Cantrell and Harrison 110 commented 
that the methyl shift in the oxygen analog is shifted upheld relative to 
the methyl shifts in the olefin precursor 236 from which 235b was derived, 
whereas there is no such shift in the sulfur series. This, they suggested, 
could be due to either a greater negative charge on the hetero ring of 
235b relative to that on 235a, or, alternatively, that the former sustains 
a weaker ring current. 


Me Me 



Me Me 

(235a) X = S (236) 

(235b) X = O 
(235c) X = NMe 

1-Azapentalenyl anions, 461 e.g., 237 and the 4-azapentalenyl anion 238, 47 
also show signals in the NMR spectrum consistent with extensive de- 
localization of the negative charge. The latter further exhibits a UY 
spectrum very similar to that of pentalenyl dianion. An attempt was 
made to relate the estimated p K„, 29, of 3tf-pyrrolizine (239) with the 
difference in HMO delocalization energies of the 7r-electrons in the anion 
and neutral compounds, but with only a limited degree of success. 47 


Me Me 



/ 

Me 

(237) (238) (239) 


460 L. Paoloni, P. Gramaccioni, and A. Vaciago, Them. Chim. Acta 5, 102 (1966). 

461 H. Volz, U. Zirngibl, and B. Messner, Tetrahedron Lett., 3593 (1970); H. Volz and 
R. Draese, ibid., 4917 (1970). 
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I. PoLYCONDENSED HETEROAROMATIC COMPOUNDS 

HMO calculations on cycl[3.2.2]azine (240) 26 ' 26 attributed substantial 
DE to the molecule and more recently Dewar and Trinajstic 462 calculated 
a value for the Dewar resonance energy of 18.9 kcal mole -1 . The aroma¬ 
ticity of 240 is reflected in the PMR spectrum 101 which shows proton 
resonances in the region 7.20 to 7.86 ppm. Paudler and Shin 463 examined 
an isomer of 240, viz., pyrrolo[3,2, l-h ,i]indole (241), and from a com¬ 
parison of the benzene-induced shifts of the proton resonances in both 
241 and 7-methylindole suggested that there is no loss of aromaticity 
in 241 relative to the indole derivative. A further comparison of the 
proton chemical shifts in 241 and its dihydro derivative 242 led the authors 
to suggest that the former is the more aromatic. 



(240) (241) (242) 


By contrast to 240, which contains 10 peripheral 7r-electrons, cycl- 
[3.3.3]azine (243), which has 12, might be anticipated to lack aromatic 
character. Early HMO calculations, however, predicted 26 ’ 26 a greater DE 
for 243 than for 240, but the recent preparation and investigation of 
243 by Farquhar and Leaver 464 demonstrated the inaccuracy of this 
prediction, and subsequently Dewar and Trinajstic reported 462 a negative 
value for the Dewar resonance energy. The PMR resonances reported 
by Farquhar and Leaver 464 are shown in diagram 243 and the high field 
shifts provide good evidence that the compound sustains a paramagnetic 
ring current. 

Studies on derivatives of heterophenalenes where the heteroatoms are 
part of the peripheral skeleton 466-468 lead to the conclusion that such 
compounds have little aromatic character in the hetero rings. Thus the 
protons at C-2 and C-3 of 244 absorb at 5 5.63 and 6.03, respectively, 466 

462 M. J. S. Dewar and N. Trinajstic, J. Chem. Soc. A, 1754 (1969). 

452 W. W. Paudler and H. G. Shin, J. Heterocycl. Chem. 6, 415 (1969). 

464 D. Farquhar and D. Leaver, Chem. Commun., 24 (1969). 

455 S. O’Brien and D. C. C. Smith, J. Chem. Soc., 2907 (1963). 

466 P. Flowerday and M. J. Perkins, J. Chem. Soc. C, 298 (1970). 

467 P. H. Laey and D. C. C. Smith, J. Chem. Soc. C, 747 (1971). 

468 A. F. Pozharskii and E. N. Malysheva, Khim. Geterotsikl. Soedin., 103 (1970). 
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and shifts observed for various 1 H 1,2-diazaphenalenes, e.g., 245, have 
been interpreted 467 in terms of a negligible ring current in the heterocyclic 
ring. By contrast, the tetracyclic ring compound 246, which shows NMR 
signals for the ring protons of the heterocyclic ring at 8 6.8 and 8.2, clearly 
sustains a substantial dimagnetic ring current which can be associated 
with the 14 peripheral 7r-electrons. 466 A similar interpretation can be drawn 
for 247-250 from the observations 469 that the proton signals in these 



(246) X = CH (246) X = S + (250) 

(247) X = N (249) X = NMe 


structures are deshielded relative to the resonances in their 6,7-dihydro 
analogs. The sulfur heterocycles 251 and 252, 460 ' 461 may provide an example 
of a compound having a tetracoordinated sulfur, but it has been pointed 
out 469 that the large value of J 4 , 6 (9.0 Hz) in 251 may be indicative of a 
large contribution from the quinonoid-type structure 251b. Finally, 
Dewar and Jones 462 reported the NMR spectrum of the 12,11-borazaro- 
phenalenium cation 253, a structure isoelectronic with the phenalenium 
cation, and which exhibits absorptions in the aromatic region at 5 6.6-7.4. 

459 P. Flowerday, M. J. Perkins, and A. R. J. Arthur, J. Chem. Soc. C, 290 (1970). 

460 1. S. Ponticello and R. H. Sehlessinger, J. Amer. Chem. Soc. 90, 4190 (1968). 

461 J. M. Hoffmann and R. H. Sehlessinger, J. Amer. Chem. Soc. 91, 3953 (1969). 

462 M. J. S. Dewar and R. Jones, Tetrahedron Lett., 2707 (1968). 
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(251) R = Br 

(252) R = Ph 

J. General Conclusion 

Overall very little quantitative evidence is available regarding the 
aromaticity of heterocycles. This applies particularly to ring systems 
other than five- or six-membered. Thus three- or four-membered rings 
which could possess considerable aromaticity are often unknown or of 
doubtful existence, and the situation is little better for seven-membered 
rings and, on the whole, worse for larger-membered rings. 

Among monocyclic five-membered rings, the aromaticity of furan, 
thiophene, and pyrrole has been extensively investigated, but that of 
other five-membered rings, and especially azoles with several heteroatoms, 
very much less. Again of monocyclic six-membered rings, pyridine has been 
quite extensively investigated, the azines less so, and rings containing 
heteroatoms other than nitrogen very little. A large number of bicyclic 
and polycyclic compounds containing further five-, six-, and/or seven- 
membered rings are known: little is known of their quantitative aromaticity. 

The authors of this review believe that the rationalization of the re¬ 
actions of heterocyclic compounds would be considerably assisted by 
semiquantitative estimates of aromaticity; clearly this field is wide open 
for development. The existing information needs to be collated and 
extended and new quantitative investigations are required. More work 
is needed on the interrelationship of the various available methods, 
existing methods need to be generalized, new general methods discovered, 
and the general relation of aromaticity to reactivity developed. 
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OH)COiR (49) 

The imine group in the Schiff base PhMeC=NCH 2 Ph has been hydro¬ 
genated to the amine with 22% ee using the cationic DIOP complex in 
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alcohol solvents (269), while a benzyl(methyl)phenylphosphine system 
gave only very low optical yields with such substrates (100). 


4. Ketone and Imine Reductions via Hydrosilylation 

As outlined in Section II,E, ketone and imine groups are readily hy¬ 
drogenated via a hydrosilylation-hydrolysis procedure. Use of chiral 
catalysts with prochiral substrates, for example, R,R 2 C=0 or 
RjR 2 C=N— leads to asymmetric hydrosilylation (284, 285 ; Chapter 9 in 
this volume) and hence optically active alcohols [cf. Eq. (41)]. 

Cationic systems with benzyl(methyl)phenylphosphine (285-293) and 
DIOP (289-291, 294-296) have been extensively studied. Optical enrich¬ 
ment up to 60% ee has been attained with alkyl phenyl and mixed alkyl 
ketones, while pyruvate and glyoxalate substrates R'C0C0 2 R 2 (R 1 = 
CH 3 , Ph; R 2 = alkyl or menthyl) gave products with optimum optical 
yields in the range 60-85% ee. The chiral menthyl group gave no great 
advantage over a propyl group (255, 259, 290). Use of the achiral ligand 
system RhCl(PPh 3 ) 3 gave up to 20% ee for reduction of (-)-menthyl 
phenylglyoxylate (255). The higher optical yields attained with a-keto 
esters compared to the simple prochiral ketones may be due to coordi¬ 
nation of the ester group (255). Acetoacetates (CH 3 COCH 2 COOR) and 
levulinates (CH 3 COCH 2 CH 2 COOR) could then give rise to five- and six- 
membered ring chelate intermediates, respectively; the former substrates, 
however, gave optical yields similar to those obtained with simple ke¬ 
tones, while the levulinates gave y-butyrolactones of high optical activity 
(84% ee): 


CHsCOCHjCHjCOjR -»- CH,CH—CH J CH 2 C0 2 R —— 

OSiR l R a 

(R* = Ph, R a = a-naphthyl) 

The low induction for the acetoacetates was attributed to a transfer 
hydrogenation process within an enol form of the substrate, coordinated 
through the carbon- carbon double bond, CH 3 C(OH)=CH—C0 2 R, rather 
than hydrosilylation of the carbonyl moiety (255). 

Use of the same benzyl(methyl)phenylphosphine and DIOP rhodium(I) 
catalysts with a,j8-unsaturated carbonyls has led to some interesting 
selectivity patterns (297, 295). Dihydrosilanes undergo 1,2-addition at the 
carbonyl of substrates such as 2-methylcyclohexenone, mesityl oxide, 
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and /3-ionone (44), and the hydrogenation products are the a,/8-unsatu- 
rated alcohols with up to 43% ee (286). Monohydrosilanes, however, 
undergo 1,4-addition to products which hydrolyze to optically active 
saturated ketones with up to 16% ee (293): 



(44) 


(51) 


\ / * /R l 

C=c + HSiM ej R s -»-Ph(Me)CHCH=cC 

Me W I OSiMe ^ 

H a O 

(R 1 = Me, Ph) (R 2 = Me, Ph) 1 

PhfMeJCHCHjCOR 1 

Hydrogenation of silyl enol ethers with the DIOP catalyst followed by 
hydrolysis [Eq. (52)] has yielded a route to optically active alcohols with 
low optical purities, —7% ee; NMDPP (12) and MePhPR (R = n-Pr, Et, 
benzyl) systems were less effective (299). 

MeSiO—CR=CH 2 -> HO—CH(R)—CH 3 (52) 

(R = 2-naphthyl, phenyl, Me 3 C) 

Menthone and camphor undergo asymmetric hydrosilylation to give 
alkoxysilanes with up to 82% optical purity using neutral rhodium(I) 
catalysts containing DIOP or neomenthyl- or menthyl-diphenylphos- 
phine; even triphenylphosphine gave about 65% ee (300). Hydrolysis to 
alcohols was not reported. The ferrocenyl ligands (28, 29) are similarly 
effective for asymmetric hydrosilylation (255), and could be used for 
production of the optically active alcohols. 

The most efficient way to produce optically active amines, at least 
with a rhodium-DIOP catalyst, is via the hydrosilylation-hydrolysis 
process (229, 284, Chapter 9 in this volume); for example: 

^C=N— + RaSiH ^)CH—N—SiRa —^ ^CH—NH— (53) 

Secondary amines such as 45 have been made with up to 65% ee, while 
aromatic imines of the type shown in 46 give products with up to 39% ee 

(229). 
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R, R l = aryl R = H, OMe ; 

R l = CH 3 , benzyls 
(45) (46) 


B. Other Transition Metal Catalysts with Chiral Phosphines 

In spite of the high catalytic activity of the RuCl 2 (PPh 3 ) 3 - HRuCl(PPh 3 ) 3 
system (Section II,A), other RuCl 2 (PRPh 2 )„ complexes [« = 3 or 4; R = 
Me or MeCH 2 CH(Ph)CH 2 ] are not efficient for hydrogenation even in 
the presence of a base to promote hydride formation (301 ) [cf. Eq. (4)]. 
An exchange reaction using RuCl 2 (PPh 3 ) 3 and DIOP, however, leads to 
the bridged complex 47 that has five-coordinate square pyramidal ge¬ 
ometry at each ruthenium: 


/'j Cl 

P-Ru—P P—Ru—P 
CK 


P P = DIOP 
(47) 


This complex effects asymmetric hydrogenation of a,/3-unsaturated car¬ 
boxylic acids with up to 60% ee, the active catalyst being cis- 
HRuC1(DIOP) 2 (275, 301, 302). The bis(diphenylphosphino)butane lig¬ 
and Ph 2 P(CH 2 )„PPh 2 (n = 4), comparable to DIOP, again gives a bridged 
complex like 47 (303), while ligands with n = 1-3 give octahedral trans- 
RuCl 2 (diphosphine) 2 complexes and the corresponding catalytically in¬ 
active hydrides which are now trans-HRuCl(diphosphine) 2 species (275, 
302). Two DIOP ligands, each with four carbon atoms between the phos¬ 
phorus donors, do not go trans, at least in octahedral ruthenium(II) 
systems, presumably because of steric problems. The cis-HRuC 1(DIOP) 2 
complex operates by the familiar mechanism of Eq. (5), the phosphorus 
trans to hydride likely being labilized (275). A complex RuC 1 2 (DIOP) 2 has 
been synthesized, but one of the DIOP ligands is monodentate and five- 
coordinate geometry again persists; the complex readily forms the cis- 
HRuC 1(DIOP) 2 catalyst (275). 

The cluster complex H 4 Ru 4 (CO) 8 (DIOP) 2 has been used at ~150°C with 
100 atm H 2 for asymmetric hydrogenation of acetophenone and methyl- 
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ethylketone to alcohols, and of the oxime derivatives to the amines [Eq. 
(54)] (304); optical yields were low and reached a maximum of 14.5% for 
the oxime with R = f-Bu. The complex also effects hydrogenation of 
prochiral a, /3-unsaturated acids to products with optical yields upto 60% 
ee; the reactions also yield small amounts of y-lactones [cf. Eq. (18)] 
(305, 306). 

CflH 5 —CR—NOH —CeHsCRH—NH 2 + H 2 0 (54) 

Compared with the Osborn-type cationic rhodium complexes (Section 
III,A,3), the iridium analogs are much less active for asymmetric hydro¬ 
genation of ketones (280). 

Platinum(II) complexes such as [PtCl 2 (PhMePR)] 2 (R = benzyl or pro¬ 
pyl) have been used for asymmetric reduction of phenylketones to alco¬ 
hols with up to 19% ee via the consecutive hydrosilylation-hydrolysis 
process (Section III,A,4) (211, 307). A nickel(II) complex with the ben- 
zylphosphine, and palladium(II) phosphine complexes did not catalyze 
the hydrosilylation (211). 


C. Catalysts with Chiral Ligands Other than Phosphines 

Besides the major thrust using chiral phosphine catalysts, other chiral 
ligands have been used with rhodium and other metals for asymmetric 
hydrogenation. 

The use of chiral amide ligands has been restricted to rhodium, where 
the catalyst precursor is [Rh(BH 4 )(amide)py 2 Cl 2 ]. The work has been 
reviewed (10, 35); cinnamate derivatives were reduced to up to 57% ee, 
and hydrogenation of a carbon- nitrogen double bond in folic acid leads 
to tetrahydrofolic acid with high biological activity (308). 

Cyanoaminecobaltate(II) catalysts (I, p. 150) were initially studied in 
relation to the well-known activity of Co(CN) 5 3_ (I . p. 106). Use of such 
catalysts with optically active amines (1,2-propanediamine and N,N- di¬ 
methyl-1,2-propanediamine), thought to be bridged in complexes such as 
[(CN 4 )Co-amine-Co(CN 4 )] 4 ", led to asymmetric hydrogenation of atro- 
pate [Eq. (55)] to a 7% ee (309). 

CH^CtPhtCO* - ->• CH 3 —CHtPhtCOj ~ (55) 

Use of optically active amino acids with Co(CN) 5 3_ gave negligible optical 
induction (310). 

The use of optically active amines in bis(dimethylglyoximato)co- 
baltate(II)amine systems (Section II,C) has led to asymmetric reduction 
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of the olefinic bond in a,/3-unsaturated ketones and esters (up to 50% 
ee), and to asymmetric reduction of carbonyl in a-diketones and a-oxo 
esters (up to 80% ee) (311-314). Hydroxyamine alkaloids such as quinine, 
cinchonidine, and ephedrines were the most effective bases, while amines 
not containing hydroxyl (o-acetylquinine, brucine, 1,1-phenylamino- 
ethane) gave small or zero optical yields, and secondary bonding via the 
hydroxyl of a noncoordinated alkaloid and carbonyl of the substrates is 
likely (see Fig. 3 below). Use of quinoline and quinine, which differ in 
chirality at the a-hydroxy group, gave R- and 5-forms of benzoin, re¬ 
spectively, from hydrogenation of benzil. Oxo esters yielded chiral re¬ 
ductive dimerization products as well as the expected hydroxy esters. 

Closely related to the dimethylglyoximato (DMG) systems is that using 
the Schiff base ligand derived from 2,3-butanedione monooxime and 1,3- 
propanediamine (48) (315). 


o'' ''<j> 

CH 3 C=N x /N=CCH, 

i x 

CH,C=N^ N=CCH S 
(CH a ) s 
(48) 


In the presence of benzylamine, which coordinates trans to an active 
site, and quinine, the noncoordinated chiral component, optical purities 
up to 80% ee were again attained for hydrogenation of benzil. Convincing 
evidence was presented for the mechanism outlined in Eqs. (56)-(58), 
where L is the macrocyclic ligand, Q is quinine, and R = Ph (benzylam¬ 
ine, and charges of the complexes are omitted): 

2Co"L ;—^ 2HCo ln L ^ 2H + + Co'L (56) 

Co'L + HQ + + R 2 CO [LCo" 1 —C(OH)R 2 ] —» (57) 

Co'"L + Q + RsCHOH 

Co'"L + Co'L—» 2Co"L (58) 

The stereochemistry of the product is determined by step a, in which the 
proton is transferred from the quinine to the coordinated carbonyl, and 
the quinine is considered associated with the substrate making it more 
susceptible to nucleophilic attack by the cobalt(I) (Fig. 3). The mecha¬ 
nism is analogous to some biological oxidoreductase systems, where the 
site that determines the stereochemistry is remote from the active cata- 
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I Ph _ 

CoL active site 

Fig. 3 


lytic site (313, 315) [see also the rhodium-protein system (42) described 
in Section III,A,1]. 

Mechanisms involving axial coordination of the optically active amine 
have also been invoked, and crystal structure data on RCo(DMG) 2 B* 
complexes, where R is alkyl or (R)-l-(methoxycarbonyl)ethyl, and B* is 
(/?)-a-methylbenzylamine, were obtained (316, 317). Because deuteration 
of the (R)-methoxycarbonyl complex gave (5)-methylpropionate-2-d, it 
was concluded that Co—C bond cleavage occurred with inversion of 
configuration at the carbon (317). It would be useful to know the me¬ 
chanistic details of this step, which could involve attack by D + , DCo(III), 
or coordinated D, as well as D 2 , for it is an unusual, if not unique, 
observation [contrast with the usual retention mechanism outlined in Eq. 
(39)]. 

D a 

Co—CH(CH S )-*-CH s —CH(D)—CO,Me (59) 

CO,Me 

Cationic rhodium(I) and iridium(I) of the type M(N—N')(diene) + , 
where N—N' represents SchifF bases of pyridine-2-aldehyde, have been 
synthesized, including some derived from optically active amines (318). 
Because the corresponding bipyridine and phenanthroline analogs, e.g., 
Rh(phen)(diene) + , are active hydrogenation catalysts (see Section XI), 
the Schiff base systems seem promising for asymmetric catalysis, al¬ 
though a cobalt carbonyl catalyst containing chiral N-a-methylbenzyl- 
salicylaldimine induced zero asymmetry in a hydrogenation of a-ethyl- 
styrene (63). # 

The chiral amine complex c7s-PtCl 2 (C 2 H 4 )[(5)—PhMeCHNH 2 ] has 
been used for hydrogenation of phenylketones to the alcohols via the 
hydrosilylation-hydrolysis procedure (Section III,A,4), but optical yields 
were very low (211). 

Use of ruthenium(III) chloride with poly-L-methylethylenimine is said 
to give a homogeneous catalyst for asymmetric reduction of the keto 
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group in methylacetoacetate (up to 5.3% ee), and of mesityl oxide (10, 
319): 

(CH 3 ) 3 CHCH a COCH 3 


X * 

(C H s ) a C HC H a C H(OH) (60) 

^ CH a 

(CH,),C=CHCH(OH)CH, 

The major path via a gives inactive alcohol product, but a slight contri¬ 
bution via b was thought to give rise to the observed low optical purity, 
possibly as a result of bidentate coordination. [This system is possibly a 
“supported” catalyst (see Section IV,B)]. 

Monodentate sulfoxide ligands R‘R 2 SO with chirality at either the sul¬ 
fur (R 1 = Me or /-Bu, R 2 = p-tolyl) or in an alkyl side chain, have been 
coordinated to ruthenium(II) (275, 320) and rhodium(I) centers (140a, 
275) in attempts to synthesize effective asymmetric hydrogenation cata¬ 
lysts. A maximum optical yield of 15% ee was reported for a,/3-unsatu- 
rated acid substrates using a trimeric [RuCl 2 (MBMSO) 2 ] 3 complex, where 
MBMSO is S-bonded 2-methylbutyl methyl sulfoxide, chiral at C-2 and 
racemic at the sulfur. Kinetic data showed the catalyst to be a monomeric 
species. Somewhat better yields (up to 25% ee) have been obtained using 
ruthenium(II) complexes containing chelating chiral sulfoxides analogous 
to DIOP, e.g., structure 13 with R = SOCH 3 , which was called DIOS 
(275,321). The most effective complex was RuCl 2 (DIOS)(DDIOS), where 
DDIOS is the acetal-cleaved derivative (49); the complex is thought to 
have a bidentate S-bonded DDIOS and a bidentate DIOS coordinated 
through one sulfur and one oxygen (321). 


(CH 3 ) 2 C=CHCOCH 3 


HO i^CHjSOCH, 
HO F'CHjSOCHj 


R,R-DDIOS 

(49) 

A rhodium complex (NBD)Rh(PPh 3 )(DIOS) + was active via 
H 2 Rh(PPh 3 )(DIOS) + , but there was no optical induction with unsaturated 
acid substrates, which possibly displace the chiral ligand (275). The 
DIOS-type ligands have not yet been resolved at the sulfur. The extent 
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that a platinum(II) S-bonded p-tolyl methyl sulfoxide (chiral at sulfur) 
distinguishes between the prochiral faces of a coordinated olefin in cis- 
Pt(sulfoxide)(olefm)CI 2 complexes has been studied and is generally 
small, although quite large discrimination is observed for olefinic rotation 
barriers (322). 

Catalysts such as HRuX(PPh 3 ) 3 , where X is an optically active car- 
boxylate (e.g., fl-mandelate) gave only 0.4% ee using 2-ethylhex-l-ene 
as substrate (124). Soluble Ziegler-Natta catalysts comprised of triiso- 
butylaluminum with the optically active alkoxide complex, titanium tetra- 
(-)-menthoxide, hydrogenated racemic terminal olefins such as 3,4-di- 
methylpent-l-ene, but with zero ee (323). 

Chiral hydroxammic acids (324) seem potentially useful ligands but 
they have not been used in hydrogenation catalysts. 


IV 

SUPPORTED TRANSITION METAL COMPLEXES AS CATALYSTS 

This subject has been well reviewed recently, including an article (27) 
within this series (6, 14-29), and so this section will briefly summarize 
the general conclusions from these reviews and more recent literature 
concerning hydrogenation catalysts. The description as “heterogenized- 
homogeneous catalysts” (15, 16), although somewhat of a tongue twister, 
is a good one in that the typical homogeneous catalyst (a discrete molec¬ 
ular compound usually operating under mild conditions) is chemically 
bonded through one or more ligand sites to an insoluble polymer support, 
in this sense becoming heterogeneous. Their use can in principle couple 
the advantages of homogeneous catalysts (efficiency, in that all metal 
atoms are available as catalyst; reproducibility; and specificity and con¬ 
trollability by ligand variation) to those of heterogeneous catalysts (good 
thermal stability, no solvent restrictions, and, most important of all, ease 
of separation from the reaction products) (27). Poisoning by products has 
been considered a potential disadvantage of homogeneous catalysts (27), 
and indeed even “poisoning” of the catalyst by side reactions with 
substrate can occur, e.g., carbonylation of the RhCl(PPh 3 ) 3 catalyst to 
inactive RhCOCl(PPh 3 ) 2 during hydrogenation of a,/3-unsaturated alde¬ 
hydes (116, 325, 326). Nevertheless, a serious problem with heteroge¬ 
neous catalysts, poisoning by sulfur, may not be so serious in homoge¬ 
neous systems (/, p. 228; 327, 328). 
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A. Nonasymmetric Hydrogenations 

The review of Hartley and Vezey (27) summaries the various support 
materials that have been used together with metal complexes, usually 
Group VIII systems, for catalysis generally. The most commonly used 
support has been polystyrene cross-linked with divinylbenzene contain¬ 
ing substituents such as phosphino or amino for covalent binding to the 
metal. Cyanomethyl, thiol, and cyclopentadienyl substituents have also 
been used as functional groups, and systems in which the metal is linked 
directly via 77 - or <r-bonding to the phenyl groups of various polystyrenes 
have been studied. In addition to polystyrene, other organic supports 
have been used. Of these, some already contain donor ligands (oxygen 
or nitrogen), e.g., polymers of acrylic acid, vinyl alcohol, vinylpyridines, 
vinylamine, methylethylenimine, and various Schiff bases; other sup¬ 
ports, including polyvinyl chloride, polybutadiene, polyvinyl alcohol, and 
cellulose, have been modified by introduction of ligand donors, usually 
a phosphine. 

Other covalently bonded catalysts are those on inorganic supports such 
as silica, molecular sieves (zeolites), and alumina, the complexes being 
held either directly via the oxygen of surface hydroxy groups or via an 
intermediate functional group, again especially phosphino. 

Ionically bound complexes on sulfonated or aminated ion-exchange 
resins have been used, as have complexes adsorbed (van der Waals 
forces) onto silica gel and other supports. 

Table II in Reference (27) summarizes hydrogenations catalyzed by 
supported metal complexes that were reported up to early 1975. Rhodium 
complexes on phosphinated supports feature prominently, the rhodium 
being introduced as RhCl 3 , RhCl(PPh 3 ) 3 and analogs, HRh(CO)(PPh 3 ) 3 , 
or rhodium(I) diene or olefin precursors. Because H 2 readily reduces 
rhodium to the univalent state (/, pp. 201 and 275), the supported cata¬ 
lysts are akin to the RhCl(PPh 3 ) 3 type (Section II,A) or the 
HRh(CO)(PPh 3 ) 3 type (/, p. 250). Also listed were three reports on irid- 
ium(I) analogs, and six reports on supported palladium(II) or plati- 
num(II) chlorides, some involving phosphine donors. Nickel(II) had been 
incorporated into phosphinated polyvinyl chloride, and ruthenium(II) as 
RuCl 2 (CO) 2 (PPh 3 ) 2 into phosphinated polystyrene. Rhodium(III) had 
also been used in polyacrylic acids and esters, and finally, incorporation 
of a cyclopentadienyl moiety into a polystyrene had led to a supported 
titanocene catalyst (27). 

From the data available. Hartley and Vezey (27) discussed the variable 
parameters. The type of support material is important. On phosphinated 
silica, the complex is on the outside the surface and is more accessible 
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and less selective to reactants than when deep inside a polystyrene-based 
polymer. Greater cross-linking within a polystyrene-based catalyst leads 
to tighter polymer chains and smaller channels up to the active site; this 
will generally decrease catalytic activity and will also influence selectiv¬ 
ity. Selectivity depending on the size of olefinic substrates was demon¬ 
strated, the smaller olefin (ignoring solvation) being most rapidly hydro¬ 
genated. Polarities of the solvent, and hence of the substrate, also 
influence activity and selectivity. An increase in solvent polarity de¬ 
creases the swelling of polystyrenes, leading to expected size effects, but 
also promotes diffusion of nonpolar olefins and impedes diffusion of polar 
olefins to the catalytic site. Selectivity may also result from the presence 
around the active site of groups from the polymer itself, analogous in 
principle to enzyme systems. 

Considerable differences in reactivity for olefin hydrogenation have 
been observed for even a series of "‘similar” catalysts; e.g., for some 
rhodium(I) complexes on a phosphinated polystyrene, RhCl 3 > RhCl 3 + 
PPh 3 > RhCl 3 + PHPh 2 > RhCI 3 + C 2 H 4 > RhCl(PPh 3 ) 3 > RhCl(PHPh 2 ) 3 . 

Clearly, considering the number of variable parameters, the matching 
of substrates and catalysts to give high selectivity is at this stage some¬ 
what of an empirical art and perhaps mimics in this respect its twin 
subject, asymmetric hydrogenation (Section III); they were both born in 
1968-1969. 

The supported catalysts are generally less active than homogeneous 
ones because of the presence of inaccessible sites in the former. How¬ 
ever, polystyrene-supported RhCl(PPh 3 ) 3 and RuCl 2 (CO) 2 (PPh 3 ) 2 (see 
Section II,B) do approach the activity of their homogeneous counterparts 
for hydrogenation of 4-vinylcyclohexene, 1,5-cyclooctadiene, and 1,5,9- 
cyclododecatriene (529); similarly supported IrCl(CO)(PPh 3 ) 2 is more ac¬ 
tive under certain conditions than its homogeneous counterpart for the 
diene hydrogenations (330, 331). Improvement in the activity of phos¬ 
phinated silica supported rhodium(I) catalysts for 1-hexene hydrogena¬ 
tion has been achieved by using a double carrier comprised of silica 
covered with a polyphenylsiloxane (332), and the activity of some chlo- 
rotriphenylphosphine complexes of rhodium(I), cobalt(II), nickel(II), and 
palladium(II) has been greatly enhanced by supporting them on phos¬ 
phine-modified silica (333). 

Deactivation of a homogeneous catalyst by dimerization can usefully 
be prevented by supporting the monomeric unit [note also that most 
multicenter catalysts require dissociation to an active monomeric form 
(/, p. 405; also Section VI)]. This concept has been used to maintain the 
hydrogenating activity of titanocene intermediates, which normally di¬ 
merize to inactive fulvalene complexes (334-336). Similarly maintained 
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is the activity of a Rh 6 (CO) 16 -polymeric amine catalyst that reduces the 
olefmic bond in a,/3-unsaturated carbonyl and nitrile compounds by using 
carbon monoxide and water as a hydrogen source (see Section VI,C), 
the lower activity of the homogeneous Rh 6 (CO) 16 system being attributed 
to dimerization to a Rh 12 species ( 337 , 338 ). Metallic Rh 6 clusters, active 
for hydrogenation using H 2 , and formed by photolysis of supported 
(Ph 2 P)Rh 6 (CO) 15 species, are similarly prevented from aggregating ( 339 ). 
Interaction of polynuclear rhodium carbonyls with alumina in terms of 
their potential for catalytic activity has been studied ( 340 ). Other sup¬ 
ported cluster systems are considered in Section VI. 

The activity of a rhodium catalyst (poly-OPPh 2 ) 2 Rh(CO)Cl, incorpo¬ 
rated into a polyphosphinite obtained from atatic poly(methallyl alcohol) 
( 341 ) has been shown to be due the presence of metal ( 342 ). Other similar 
complexes with isotatic and syndiotactic poly(methallyl alcohol) were 
also inactive unless decomposition to metal occurred, and this was at¬ 
tributed to “polymer strain” caused by action of the rhodium as a cross- 
linking agent between the initially linear polymers ( 342 ). Polystyrene- 
supported Rh(NBD)(phosphine) 2 + systems can show similar behavior 
( 343 ). It should be noted that deposition of metal particles within or on 
polymers (e.g., by treatment of transition metal salt/polymer mixtures 
with borohydride) can yield highly active catalysts, and, for example, 
such systems using a nonporous methacrylate gel have potential for 
selective reductions in terms of a different extent of polymer swelling 
with different solvents ( 344 , 345 ). Rhodium(I) centers supported on phos- 
phinated poly(sulfonatohexadiyne) are reported to hydrogenate conju¬ 
gated olefins and benzene ( 346 ), but the latter hydrogenation may be due 
to metallic rhodium, because inactivity toward benzene has been used as 
a criterion for the absence of metal ( 347 ), and the homogeneous analogs 
do not effect hydrogenation of aromatics (/, Chapter XI). 

Electron spin resonance (ESR) signals, detected from phosphinated 
polystyrene-supported cationic rhodium catalysts both before and after 
use (for olefmic and ketonic substrates), have been attributed to the 
presence of rhodium(II) species ( 348 ). The extent of catalysis by such 
species generally is uncertain, although the activity of one system in¬ 
volving RhCl 3 /phosphinated polystyrene has been attributed to rho- 
dium(II) ( 349 ). Rhodium(II) phosphine complexes have been stabilized by 
steric effects ( 350 ), which could pertain to the polymer; alternatively 
( 351 ), disproportionation of rhodium(I) could lead to rhodium(II) [Eq. 
(61)]. The accompanying “isolated” metal atoms in this case offer a 
potential source of ESR signals as well as the catalysis. 

2Rh' ^ Rh° + Rh" 


(61) 
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A sequential cyclooligomerization of butadiene, followed by hydrogen¬ 
ation, has been accomplished by attaching two catalysts to the same 
polystyrene polymer or by using a mixture of two resins containing the 
individually anchored complexes; Ni(CO) 2 (PPh 3 ) 2 catalyzed the oligo¬ 
merization, and RhCl(PPh 3 ) 3 or RuCl 2 (CO) 2 (PPh 3 ) 2 the hydrogenations 
(25. 352). The concept of sequential multistep reactions in the same 
reactor has been applied previously in enzyme immobilization studies 
(353). 

The phenyl ring of a polystyrene resin has now been used to give an 
anchored tricarbonylchromium moiety, and the system is active, much 
like the analogous (arene)Cr(CO) 3 homogeneous catalysts (1, p. 50 and 
Section VIII), for selective hydrogenation of dienes to monoenes (354). 
Exchange of cations in the intracrystal space of a swelling layer lattice 
silicate has yielded ionically bonded Rh 4 2+ and Rh(PPh 3 )j. + olefin hydro¬ 
genation catalysts (347), which have been used previously in cationic 
exchange resins and in solution (355; also /, p. 28). Other more recently 
reported work on supported ruthenium catalysts for alkene hydrogenation 
include the use of [RuC 1 2 (CO) 3 ] 2 and t7 3 -C 3 H 5 RuC 1(CO) 3 [Section XI, Eq. 
(92)] with polyvinylpyridine, H 3 Ru(CO)(PPh 3 ) 3 with polyacrylic acid (356, 
357), and the HRuX(PPh 3 ) 3 , [HRu(PPh 3 ) 3 ] 2 X complexes (X = carboxy- 
late) (Section II,A) on maleic anhydride/ethylene copolymers (358). Ole¬ 
fin and acetylene hydrogenations have been accomplished using palla- 
dium(II) on polymeric diphenylbenzylphosphine (359), and an anionic 
rhodium acetylacetonate complex on an anion exchange resin (360); data 
continue to appear on polystyrene-supported rhodium phosphine cata¬ 
lysts (361). The hydridorhodium(III) carborane catalyst mentioned later 
in Section XI has been supported on polystyrene (362). 

The [RhCl(CO) 2 ] 2 dimer immobilized on a cross-linked polystyrene 
containing pyrrolidine effects the same novel selectivity as the homoge¬ 
neous analog in hydrogenation of a,/3-unsaturated aldehydes to the un¬ 
saturated alcohols, Eq. (30) (162). 

Nickel(II) phosphine complexes have been used to catalyze the boro- 
hydride reduction of the nitro group in aromatics ; while the homogeneous 
NiCl 2 (PPh 2 R) 2 catalysts (R = Ph or —CH 2 Ph) gave a mixture of products 
(azoxy, azo, and amine compounds), the corresponding systems sup¬ 
ported on polystyrene showed high selectivity for production of azoxy 
compounds (363). 

In terms of chelating systems, nitrogen and oxygen donors (bipyridine, 
phenanthroline, crown ethers, etc.) have also been attached to polymer 
supports (364), as well as chelating phosphorus donors (see Section 
IV,B). 
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A major problem remaining in the supported catalyst area is the diffi¬ 
culty in obtaining detailed information about the structure of the metal 
complex at the active site (17). It is also difficult to determine whether 
during catalysis the active metal site remains bonded to the surface, or 
whether the active species is reversibly abstracted into the solution (ef¬ 
fectively a homogeneous process). Both may occur (27). Indeed, as the 
length of a chain carrying the functional ligand increases, the system 
must pass through the ill-defined gray area between the extremes of 
heterogeneous and homogeneous catalysis. 


B. Asymmetric Hydrogenations 

Asymmetric hydrogenations catalyzed by supported transition metal 
complexes have included use of both chiral support materials (poly- 
imines, polysaccharides, and polyalcohols), and bonded chiral phos¬ 
phines, although there have been only a few reports in this area. 

An early example (319) involved the use of RuC 1 3 -3H 2 0 in poly(L- 
methylethylenimine) for hydrogenation of acetoacetate. This was also the 
first reported chiral ruthenium catalyst, and it is discussed in Section 
III,C, Eq. (60). 

Use of benzene suspensions containing a neutral rhodium(I)-DIOP 
complex supported on a cross-linked polystyrene (50) (cf. 13 in Section 
III,A) for hydrogenation of a-ethylstyrene (to 1.5% ee) and methyl atro- 
pate (2.5% ee) was less effective than the homogeneous system, as the 
ethanol cosolvent required for substrate solubility caused a collapse of 
the resin (296). 



(50) 


However, on a lightly cross-linked hydroxyethylmethacrylate/styrene 
polymer that swells in polar solvents (22, 365), or on a silica-gel support 
(366), catalyst performance matches that of the soluble one for the pre¬ 
cursor amino acid substrates. A rhodium-DIOP analog has also been 
supported on a polymer containing pendent optically active alcohol sites 
[incidentally, formed via hydrosilylation and hydrolysis of a ketonic pol¬ 
ymer component using an in situ rhodium(I)- DIOP catalyst]. The sup¬ 
ported catalyst in alcohol again matched that of the soluble catalyst for 
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amino acid syntheses. In tetrahydrofuran (THF), the optical yields varied 
with the configuration of the alcohol groups, indicating that they play 
some role, but there was no asymmetric synergism or cooperative effects, 
and indeed the optical yields in this solvent were low (367). 

Supported cationic rhodium(I) phosphine complexes, chiral at a men- 
thyl moiety, effected hydrogenation of ketones, but the 2-butanol pro¬ 
duced from methylethylketone was optically inactive (348). Polystyrene- 
or silica gel-supported DIOP systems, however, are particularly effective 
for production of optically active alcohols (up to 60% ee) via asymmetric 
hydrosilylation of ketones (10, 284, 296, 366, 368: see also Section 
III,A,4). 

Synthesis of 2,3-0-bis(diphenylphosphino)-6-0-triphenylmethylcellu- 
lose (51), a cellulose-supported C-chiral diphosphinite analogous to the 
homogeneous counterpart (41) shown in Section III,A, 1, has led to a 
rhodium(I) catalyst giving high stereoselectivity (77% ee) for a slow 
hydrogenation of 2-phenylbut-l-ene at 50 atm H 2 , but only a 17.5% 
optical yield with a-acetoamidocinnamic acid (369). 


OCPh 3 



Ph 2 PO OPPh 2 
(51) 


In contrast, the homogeneous DIOP system gave 33% ee with the butene 
and up to 79% ee with the olefinic acids. 


V 

MEMBRANE SYSTEMS, PHASE-TRANSFER CATALYSIS, MOLTEN 
SALT SYSTEMS 

New approaches to catalyst recovery and reuse have considered the 
use of membrane systems permeable to reactants and products but not 
to catalysts (370). In an attempt to overcome the problem of inaccessi¬ 
bility of certain catalytic sites in supported polymers, some soluble rho- 
dium(I), platinum(II), and palladium(II) complexes with noncross-linked 
phosphinated polystyrene have been used for olefin hydrogenation. The 
catalysts were quantitatively recovered by membrane filtration or by 
precipitation with hexane, but they were no more active than supported 
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analogs (371). Use of a membrane for selective removal of an involatile 
ligand, e.g., free phosphine in an equilibrium such as (62), seems an 
attractive way of increasing the concentration of an active catalyst spe¬ 
cies, in this case H 2 Ru(PPh 3 ) 3 (372). 

H 2 Ru(PPh 3 ) 4 ^ H 2 Ru(PPh 3 ) 3 + PPh 3 (62) 

Ligands which allow catalysis in biphasic systems have been synthe¬ 
sized. Use of sulfonated triphenylphosphine allows formation of water- 
soluble in situ rhodium phosphine complexes which can, for example, 
catalyze hydrogenation of cyclohexene, present as a separate organic 
phase; removal of the hydrogenated organic layer leaves the catalyst 
solution ready for further reaction (575); addition of small amounts of 
cosolvents (alcohols, amides) greatly improved hydrogenation rates. Fol¬ 
lowing the same principle, water-soluble olefins can be hydrogenated in 
an aqueous phase on shaking with benzene solutions of RhCl(PPh 3 ) 3 
under H 2 (575). The general principles of phase-transfer catalysis can be 
found in reviews (328, 374, 375). 

Use of molten salts as solvent allows easy separation of organic prod¬ 
ucts by distillation (576), and in this way PtCl 2 with tetraalkylammonium 
salts of SnCl 3 “ and GeCl 3 " has been used to selectively hydrogenate 
1,5,9-cyclododecatriene to cyclododecene; the salts in this case act as 
both solvent and ligand (577). A molten salt medium has been used in a 
homogeneously catalyzed Fischer-Tropsch synthesis (see Section VI,B). 


VI 

TRANSITION METAL CLUSTERS, INCLUDING DIMERS 

Some comparisons between homogeneous and heterogeneous catalysts 
were considered in Section IV on supported catalyst systems, which in 
some ways span both areas. The study of a discrete molecular mononu¬ 
clear homogeneous catalyst, in terms of its geometric and stereochemical 
features in the solid state and in solution, can be tackled using standard 
physical techniques. The catalyst can be studied on its own and during 
interaction with, for example, olefins and/or H 2 , and a great deal can be 
learned about detailed reaction mechanisms. Heterogeneous catalytic 
systems require a study of surfaces both in the absence and presence of 
the reacting molecules; low-energy electron diffraction (LEED) and 
Auger spectroscopy have been used principally, but these techniques 
(378, 379) are usually only applicable at low-pressure conditions, very 
different to those used in the catalysis. 
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Simply because of geometrical considerations, catalysis at a surface 
must involve more than one metal atom, and for this reason metal clusters 
have been considered as models of surfaces in chemisorption and het¬ 
erogeneous catalysis (30, 31, 33, 380). The clusters can be solubilized 
and hence possess the experimental advantages of the mononuclear ho¬ 
mogeneous catalyst. Limitations concerning the analogy between clusters 
and surfaces are realized, especially in terms of metal- metal bond ener¬ 
gies, which are much weaker in the clusters, but the mode of bonding 
(e.g., terminal, bridging) of ligands such as hydrogen, carbon monoxide, 
and acetylenes in various carbonyl clusters has analogies in binding at 
surfaces (33). Equally important is the established mobility of ligands on 
clusters and of chemisorbed species on surfaces. Muetterties' review (35) 
summarizes the studies, particularly involving Ru 3 (CO) 12 and Os 3 (CO)i 2 , 
that establish the ability of clusters to cleave C—H bonds [Eqs. (63) and 
(64)] and C—C bonds. Reaction (63) (381-383), for example, is considered 
analogous to ethylene chemisorption on metal surfaces. Reaction (64), in 
which the benzylidene moiety becomes bonded to two osmium atoms, 
shows cleavage of two C—H bonds (384, 385). 

Os 3 (CO) 12 + CjH 4 ~ 2C ° »■ HOSj(CO) 10 (CHCH a ) ~ C °»- H 2 03 3 (C0) 9 (C=CH 2 ) (63) 


Os 3 (CO) I2 + benzene - 3C ° » - H 2 Os 3 (CO), ^ J (64) 


Cleavage of C—H bonds is also well documented for mononuclear com¬ 
plexes (66-68, 147), and seems likely for dinuclear systems [(54, 386)-, 
also Section II,A, Eq. (7)]; but apart from some cyclopropane systems 
(387), cleavage of C—C bonds has not been demonstrated at mononuclear 
centers. Equation (65) shows such cleavage at a cluster center (355): 



M = Ru(CO) 3 


(65) 


A. Hydrogenation of Organics 

In terms of hydrogenation, solutions of H 2 Os 3 (CO) 10 reduce ethylene 
stoichiometrically, and the resulting unsaturated intermediate Os 3 (CO) 10 
can oxidatively add H 2 , or further ethylene to give a hydridoalkenyl 
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cluster [cf. Eq. (63)]. Other activated olefins, such as fumarate or ma- 
leate, react with H 2 Os 3 (CO) 10 to give hydridoalkyl clusters, and these 
react with H 2 to liberate the saturated product with regeneration of 
H 2 Os 3 (CO) 10 - The system thus operates catalytically, and a hydride route 
via an H 2 Os 3 (CO) 10 (alkene) intermediate was favored (389). 

The tetrahedral nickel isonitrile cluster Ni 4 (CNR) 7 (R = cyclohexyl or 
r-Bu) contains three bridging isonitrile ligands and a terminal one at each 
nickel (52); the bridging ligands are mobile on the cluster surface and a 
ligand dissociation step occurs (33. 390, 391). 


Tf/' 

I / 


- . :^x\ 7 

:Ni 




= —C=NR 
(52) 


The cluster catalyzes hydrogenation (20°C and 3 atm) of dialkyl- and 
diarylacetylenes to the c/s-olefins via unsaturate routes, likely involving 
Ni 4 (CNR) 6 (RC=CR) and Ni 4 (CNR) 4 (RC=CR) 3 (391, 392). The acety¬ 
lenes in the latter complex bridge three nickel centers, and increase of 
the acetylenic carbon-carbon bond distance is considered to enhance 
reduction by hydrogen (392, 393). 

The tert -butyl cluster Ni 4 (CNR) 7 also catalyzed slowly the selective H 2 
reduction of the isocyanide to fe/7-butylmethylamine (394). A problem 
arose in that the excess isocyanide resulted in formation of Ni(CNR) 4 , 
which is relatively inactive, but this was circumvented by using for the 
isocyanide source a “buffered” solution containing Ni 4 (CNR) 7 and 
Ni(CNR) 4 in a 1:10 ratio: 

4Ni(CNR) 4 + 18H 2 —9 R—NH—CH 3 + Ni 4 (CNR), (66) 

Practical systems based on Eq. (66), but using Ni(COD) 2 /RNC mixtures, 
were reported. Catalysis via Ni(CNR) 3 or Ni(CNR) 2 intermediates could 
not be completely ruled out in these cluster systems. The nickel isonitrile 
and acetylene clusters did not effect hydrogenation of the triple bond in 
nitrogen (394). 

In terms of models for reduction of triple bonds, a series of isolated 
iron carbonyl clusters, which nicely show H-atom mobility, provides a 
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possible sequence for the reduction of C^N bond in acetonitrile (395): 




H—Fe 


C 2 H, 

I 

Fe "^"Fe 


(67) 

[Fe represents Fe(CO) 3 , and the three metal-metal bonds are not shown; 
(^represents an H atom held on cluster face between iron atoms.] 

In early reports on hydrogenations catalyzed by ruthenium carbonyl 
clusters, e.g., Ru 3 (CO) ]2 , Ru 3 (CO)i 0 (NO) 2 (/, p. 99), the detailed nature 
of the active species was not elucidated, although dimeric species were 
favored in one case (396). More recent reports (397. 398) concerning 
hydrogenation of 1-pentyne catalyzed by H 4 Ru 4 (CO)i 2 imply that a clus¬ 
ter, in which the acetylene replaces carbonyls, remains as the active 
catalyst. The Ru 3 (CO) 12 , Os 3 (CO) l2 , and Ir 4 (CO) 12 clusters are not very 
effective for olefin hydrogenations (399). Kinetic studies on hydrogena¬ 
tions using cluster carbonyls such as Rh 4 (CO) 12 and Co 2 (CO) 8 indicate 
that the catalysts are monomeric hydridocarbonyls (/, pp. 154, 262), 
although the activity in a Rh 6 (CO)i6 system has been attributed to the 
cluster (337. 338\ Section IV,A). Although Co 4 (CO) 12 is inactive for hy¬ 
drogenation of styrene, the mixed metal clusters Co 2 Rh 2 (CO)i 2 and 
Co 3 Rh(CO)i 2 are reported to be active catalysts at low hydrogen pres¬ 
sures (400). 

Hydrogenation of ethylene catalyzed by Pt(SnCl 3 ) 5 3- has been studied 
mechanistically (401) and an unusual rate dependence on catalyst con¬ 
centration, in which two maxima were observed, together with spectro¬ 
scopic data, was interpreted in terms of monomeric and especially cluster 
Pt« catalysts. A cycloocta-1,5-diene complex, presumably 
(C 8 H i2 ) 3 Pt 3 (SnCl 3 ) 2 (402), is reported active for hydrogenation of olefins, 
acetylenes, and nitrobenzene (403). Some rhodium and iridium phosphite 
clusters {HM[P(OR) 3 ] 2 }„ (n = 2 or 3) effect catalytic hydrogenation of 
hex-l-ene, but it is not known whether the clusters or monomers are the 
active species (404). 

Detailed kinetic studies are essential to help establish that a multicenter 
complex is not dissociating to an active monomeric catalyst—as is usually 
the case (/, p. 405). An added problem in some of these ligand-deficient 
systems (394. 405) is to establish that the catalysis is homogeneous. Even 
when an active polynuclear system is confirmed, it is likely impossible 
to demonstrate unequivocally that reactivity does not occur at a single 
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site within the cluster! In the hydrogenation of olefins catalyzed by the 
dimeric rhodium(II) acetate Rh 2 (OCOMe) 4 , only one metal center within 
the dimer is thought to be involved in a postulated hydride route (406): 

Rh 2 L 4 J ( ' L) - HRhLjRh ° lenn > (alkyDRhLjRh H *’ L -> Rh 2 L 4 + product (68) 


Interestingly, oxidative addition of H 2 to the dimeric [Ir(/x- 
SBu t )(CO)(PPh 3 )] 2 complex yields [HIr(/x-SBu')(CO)(PPh 3 )] 2 with one 
hydrogen atom bound to each iridium (• 407 ); this contrasts with the be¬ 
havior of [RhCl(PPh 3 ) 2 ] 2 (1 in Section II,A). The clusters Ir{M[P(p- 
tolyl) 2 ](CO) 2 ( r) 5 -C 5 H 5 )} 2 + (M = Fe or Ru) reversibly bind one mole H 2 
at ambient conditions (408), presumably at the iridium. The rhodium 
ylide complex shown in 53 catalyzes hydrogenation of simple olefins 
(409). The ylide ligand can also bridge two rhodium atoms (54), and it 
was hoped that the nonlabile character of the ylide ligands would lead to 
dimers of unusual catalytic behavior. 




CH,—Rh-Cl 
(CO), 


However, carbonylation of methyl iodide catalyzed by 54 likely involves 
monomeric species (409). The bridged-sulfide complex Rh 2 (/x- 
5)(CO) 2 (DPM) 2 , where DPM is bis(diphenylphosphino)methane, also cat¬ 
alyzes olefin hydrogenation (410). 

Clusters can undoubtedly be maintained on support materials. Besides 
a number of examples considered in Section IV, discrete nickel clusters, 
such as Ni 3 Cp 3 (CO) 2 , dispersed on silica, have been found active for 
hydrogenation of ethylene and benzene at ambient conditions (411). At¬ 
tempts to prepare highly dispersed metal crystallites of controlled size 
are promising in terms of producing highly selective catalysts (412), and, 
for example, pyrolysis of [Pt 3 (CO) 6 ]„ 2- on silica gives (Pt 3 )„ aggregates 
which absorb H 2 (413). Production of naked clusters of single or mixed 
metal systems via photoaggregation of metal atomic species at low tem¬ 
peratures is an alternative and possibly even more promising approach 
(414, 415). 

The potential of naked cluster ions (416), for example Bi 5 3+ , for catal¬ 
ysis has been noted (33), but hydrogenations have not yet been reported. 
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B. Fischer-Tropsch Syntheses 

A search for alternative energy supplies has triggered efforts to develop 
efficient homogeneous catalysts for Fischer-Tropsch-type syntheses via 
hydrogenation of carbon monoxide, a likely future key material available, 
for example, through oxidation of coal (33, 327, 328, 417, 418). Metal 
cluster systems have been used in attempts to emulate the presently used 
heterogeneous catalysts. The important reactions are methanation, 

3H 2 + COtsynthesis gas) CH„ + H a O (69) 

methanol production, 

2H t + CO—> CH 3 OH (70) 

and production of paraffins, olefins and alcohols, for example, 

«CO + 2*H 2 ^(CH 2 )„+«H 2 0 (71) 

Patents by Union Carbide (419) describe the use of Rh 6 (CO) 16 and 
Rh 12 (CO) 30 2_ at extreme conditions (250°C, up to 3000 atm) for conversion 
of CO and H 2 to ethylene and propylene glycols and other products; a 
recent paper describes the systems as homogeneous (419a). Os 3 (CO) 12 
and Ir 4 (CO)i 2 catalyze homogeneously and specifically reaction (69) in 
toluene at 140°C and 1-3 atm but the rate is very slow, giving ~1% 
conversion in 4 days and a catalyst turnover of only 4 (420). Addition of 
trimethylphosphite or triphenylphosphine accelerates the iridium system 
somewhat, and in the latter case ethane and propane are also formed. A 
wide range of mononuclear catalysts were said to be inactive, although 
t) 3 -C 3 H 5 - Mn(CO) 4 sometimes gave methane. The clusters were ineffec¬ 
tive for N 2 reduction. Use of Ir 4 (CO) 12 in molten NaCI-2AlCl 3 under 
similar conditions converted synthesis gas much more efficiently to a 
mixture of alkanes, with ethane the primary reaction product (405). Car¬ 
bonyl oxygen-aluminum interactions (M-C-O-Al) seem likely. Of a 
range of mononuclear and cluster carbonyls studied, only Ru 3 (CO) )2 , 
Rhg(CO)i 6 , and Rh 4 (CO)i 2 showed activity, but the systems were homo¬ 
geneous only in the early stages of the reaction. 

Borohydride reduction of cobalt(II) or nickel(II) chloride solutions 
containing RhCl 3 leads to the complexes (Co 2 B), 0 RhH 6 and (Ni 2 B) 10 RhH 15 
which, when supported on glass wool, catalyze CO methanation with up 
to 60% conversion at 500°C, as well as gas phase hydrogenation of 
alkenes at 100°C (421). 


M 




M-Cf 


>° 

'H 


H a 


M—CHjOH 


CH3OH + MH 


(72) 
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The CO reductions generally could likely proceed through formyl in¬ 
termediates, probably at a multinuclear site (420); hydride migration to 
a coordinated CO [e.g., as in the hypothetical scheme outlined in Eq. 
(72)] has not yet been observed, although metal formyl complexes have 
been synthesized via other methods (422-425). A 7r-bonded formyl also 
seems plausible (426), since 7r-bonded acyl groups have been demon¬ 
strated (427). A stoichiometric hydrogen reduction of CO to methanol 
under mild conditions via a bis(pentamethylcyclopentadienyl)zirconium 
complex is considered to go through a formyl intermediate (428, 429): 

Zr(CO) a n* » - H 2 Zr(CO)-»- HZr(CHO) ———*- HZr—OCH, 

hv | 

2HCI (73) 

[where Zr = (7j 5 -C 5 Me 5 ) a Zr] ZrCt, + CH s OH + H, 

In related studies, Cp 2 ZrCl 2 has been found to catalyze at room temper¬ 
ature an aluminum hydride (i-Bu 2 AlH) reduction of CO to linear Ci-C 5 
alcohols (430). The system involves reaction of complex 55 with CO, 
which precipitates the starting zirconium(IV) complex and leaves a yel¬ 
low solution, that on hydrolysis yields the alcohols. Toluene solutions of 
Cp 2 Ti(CO) 2 complex under H 2 /CO effect Eq.(69), i.e., a homogeneous 
stoichiometric hydrogenation of carbon monoxide to methane (426). 

H—AIR, 

CfcZr^-H \:t 
H—AlR a 
(55) 

Use of D 2 yielded CD 4 , and methane was formed from reaction of the 
complex with just H 2 . The water produced in the reaction hydrolyzes the 
titanium complex to an inactive cluster Cp 6 Ti 6 0 8 containing bridging 
oxide ligands. 

Of interest is the fact that the H 2 required for the reduction of formyl 
to methoxide in reaction (73) is thought (428. 429) to come from a second 
zirconium moiety, ZrH 2 . The H 2 reduction to coordinated hydroxymethyl 
in Eq. (72) could presumably go via a mononuclear H 2 M(CHO) inter¬ 
mediate, but such a reaction has not been demonstrated, nor has the final 
hydrogenolysis step via a presumed H 2 M(CH 2 OH) intermediate. Loss of 
water from this to give a carbene HM=CH 2 (431, 432) followed by 
further reactions with H 2 and CO, provides speculative pathways to 
higher hydrocarbons (417, 419a, 430, 433). 

Hydride migration to a coordinated thiocarbonyl with formation of a 
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thioformyl has been demonstrated for an iridium complex (434), as has 
hydrogen reduction of coordinated thiocarbonyl to the methanethiolato 
ligand (435). Equation (74) shows the suggested pathway from reactant 
to isolated product via an intermediate thioformyl (56); such species have 
been synthesized by external attack of hydride on coordinated thiocar¬ 
bonyl (435). 


*~HPjIr^ | 


Fischer- Tropsch-type syntheses are more fully reviewed elsewhere in 
this volume (Chapter 2). 


C. Water-Gas Shift Reaction 

A further important industrial reaction is the water- gas shift reaction 
[Eq. (75)] which provides a way of increasing H 2 :CO ratios, or of pro¬ 
ducing pure H 2 . Pure H 2 is needed for ammonia synthesis, 2H 2 : ICO is 
needed for methanol synthesis, and 3H 2 :lCO is used for synthesis of 
substitute natural gas. 

CO + h 2 o - CO, + h 2 (75) 

Several cluster carbonyls, including Ru 3 (CO) 12 , Os 3 (CO) 12 , Ir 4 (CO) 12 , 
Rh 6 (CO) 16 , and [Pt 3 (CO) 6 ] n 2_ , catalyze the reaction in basic solution (436, 
437), although the mononuclear systems Fe(CO) 5 in base (437), and 
Rh(CO) 2 I 2 " in acid (438) are also effective. 

The water oxidation of CO to C0 2 via a formate intermediate is well 
documented, and realistic pathways for reaction (75) at a single metal 
site are available (437, 438), for example: 


M m 


H,0 

-H + 


HM m 


M(CO) 


-CO, 

/ 

[M(COOH)] 


-CO, 


M™ + H, (76) 
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The C0/H 2 0 systems have been used to catalyze hydrogenation of 
olefins in Reppe hydroformylation {437), and a Rh 6 (CO)i 6 -catalyzed sys¬ 
tem has been used to reduce the olefinic bond in «,/3-unsaturated car¬ 
bonyls and nitriles {337, 338, Section IV,A). 


VII 

HYDROGENATION OF AROMATIC HYDROCARBONS 

A number of catalysts are known to effect homogeneous hydrogenation 
of aromatic hydrocarbons, e.g., some oxidized rhodium complexes (7, p. 
238), some rhodium 7r-complexes with phenyl carboxylates (/, p. 283), 
some Ziegler systems (/, p. 363), and Co 2 (CO) 8 (/, p. 173). However, the 
catalysts in the first three systems are not well characterized, and the 
carbonyl systems require fairly severe hydroformylation conditions, al¬ 
though they are reasonably selective, possibly via radical pathways (Sec¬ 
tion II, C). 

Muetterties and co-workers {439-443) have more recently found that 
some allylcobalt(I) complexes 7) 3 -C 3 H 5 CoL 3 (L = tertiary phosphine or 
phosphite) catalyze hydrogenation of arenes to cyclohexanes at ambient 
conditions, although catalyst lifetimes were limited and turnover numbers 
low (—15 in 24 hours). With L = P(OCH 3 ) 3 , C 6 D 6 yielded solely cis- 
C 6 D 6 H 6 , with no competing hydrogen exchange. Benzenes with substi¬ 
tuent groups R, OR, C0 2 R, CHO, COR, CH=CHR, C=CR, and NR 2 , 
were also reduced, sometimes accompanied by hydrogenation of the 
substituent group. Naphthalene, anthracene, and furan could also be fully 
hydrogenated. Interestingly, the catalysts show a slight selectivity for 
hydrogenation of arene when using benzene/cyclohexene or benzene/ 
hexene mixtures as substrates, and because neither cyclohexene or cy- 
clohexadiene was detected during hydrogenation of benzene, a mechan¬ 
istic scheme was presented in which the C 6 moiety remained attached to 
the metal until a cyclohexyl species is formed: 

V-C 3 H 5 CoL 3 - 7) '-C 3 H 5 CoL 3 7) '-C 3 H 5 CoH 2 L 3 (77) 

|L=P(OCH 3 ) 3 ] (57) 

Dissociation of phosphite from the dihydride (57), prior to reaction with 
the arene, is thought to give the nondetected intermediate tj 1 - 
C 3 H 5 CoH 2 L—77 4 -C 6 H 6 (58), and then the sequence shown accounts for 
the stereoselectivity. NMR evidence was presented for 57, which also 
decomposes mainly according to reaction (78) in the absence of arene, 



Hydrogenation Reactions 


377 



although the trihydride H 3 CoL 3 exists under H 2 : 

V '-CsHsCoHiiL, ^ C 3 H 6 + HCoL 3 (78) 

Activity varied in the order P(OCH 3 ) 3 < P(OC 2 H 5 ) 3 < P(CH 3 ) 3 < P(0-i- 
C 3 H 7 ) 3 , but increasing activity was accompanied by decreasing catalyst 
lifetime; i 7 3 -C 3 H 5 Co(CO) 3 and (ON)Co[P(OC 3 H 7 ) 3 ]3 were inactive. Some 
rhodium analogs of the 7r-allyl cobalt complexes, e.g., T7 3 -C 3 H 5 Rh[P(0-i- 
C 3 H 7 ) 3 ] 2 , were also catalysts for arene hydrogenation, but they were 
short-lived and decomposed under H 2 according to equations similar to 
(78) (404). 

Of a number of rj 6 -arene complexes subsequently tested for reactivity 
toward H 2 , tj 6 -C 6 H 5 CH 3 —Ru 6 C(CO) M was converted stoichiometrically 
at 150°C to methylcyclohexane, and the t) 6 -C 6 (CH 3 ) 6 Ru-t) 4 -C 6 (CH 3 ) 6 
complex (cf. 58) was found to be a long-lived homogeneous catalyst for 
arene hydrogenation (444); in contrast to the cobalt system, extensive 
H- D exchange occurred in the aromatic ring and in substituent methyls 
of xylene substrates. 

The t 7 6 -C 6 H 6 M(C 6 F 5 ) 2 complexes (M = Ni, Co), obtained via metal 
atom syntheses are reported to be short-lived catalysts for arene hydro¬ 
genation (445). 

The rhodium cyclopentadienyl complex [7j 5 -C 5 (CH 3 ) 5 RhCl 2 ] 2 , in 
the presence of base at 50 atm H 2 , also effects stereoselective catal¬ 
ytic hydrogenation of benzenes. Substrates with unprotected —OH or 
—C0 2 H groups were not effectively hydrogenated, but aryl ethers, 
esters, and ketones and Af.AT-dimethylaniline were all reduced, some- 
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times accompanied by hydrogenolysis of the functional group {446). 
Permethyl arenes or cyclopentadienyl ligands are very resistant to hy¬ 
drogenation and seem to be optimal ligands for hydrogenation of aro¬ 
matics [note also the use of the silica-supported Ni 3 Cp 3 (CO) 2 catalyst for 
hydrogenation of benzene (Section VI,A)]. 

Some bis(salicylaldehydo) complexes of cobalt(II), nickel(II), and cop- 
per(II), with or without lithium aluminum hydride, are said to catalyze 
hydrogenation of benzene and alkylbenzenes at ~200°C, but the systems 
appear to be heterogeneous {447). 


VIII 

PHOTOCATALYSIS 

Photoassisted catalytic hydrogenation reactions invariably involve pro¬ 
moted loss of a ligand and generation of coordinatively unsaturated spe¬ 
cies. Examples in the literature are becoming increasingly common. 

Olefin hydrogenation catalyzed by Fe(CO) 5 normally requires some¬ 
what severe conditions, typically 150°C and 10 atm H 2 (/, p. 64). With 
near-ultraviolet irradiation the carbonyl becomes effective at ambient 
conditions for hydrogenation (and isomerization) of olefins {448, 449). 
Photoinduced labilization of carbonyls is thought to give tricarbonyl spe¬ 
cies as the active catalysts, e.g., 

Fe(CO) s ——»- Fe(CO),-*-Fe(CO),^ = \J 

(59) 

« 2 - h 2 || H a (79) 

H 2 Fe(CO) 4 ■ hv - H a Fe(CO), (^ ) 

(60) 

Successive hydrogen transfers within 60, followed by coordination of 
olefin and then H 2 (an unsaturate route), constitute the catalytic cycle, 
while isomerization is effected through HFe(CO) 3 (7r-allyl) formed from 
59. Loss of H 2 from 60 was also considered to be photoinduced, and 
several hydrides, including neutral and cationic dihydrides of iridium(III) 
{385, 450, 451), ruthenium(II) (452) and abis(iT-cyclopentadienyltungsten) 
dihydride {453 ), have been shown to undergo such reductive elimination 
of hydrogen. Photoassisted oxidative addition of H 2 has also been dem- 
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onstrated [for example, see Eq. (80)] (451), and this could result in 
enhanced formation of hydrogenation catalysts. 

H^PPh,), _pp h * [H 3 Ir(PPh 3 ) 2 ] -5^- H 5 Ir(PPh 3 ) 2 (80) 

Conjugated dienes yield mainly c/.v-monoenes by catalytic 1,4-hydrogen 
addition at ambient conditions using UV-irradiated solutions of Cr(CO) 6 
(454. 455) or Cr(CO) 3 (MeCN) 3 (456); thermal systems using (arene)Co(CO) 3 
require elevated temperatures and pressures (/, p. 50). Photoassisted 
systems using Mo(CO) 6 and W(CO) 6 are accompanied by isomerization 
of dienes and monoenes (455). More quantitative kinetic studies have 
appeared on the photoinduced hydrogenation of dienes using 
Cr(CO) 4 (norbomadiene) (457). The mechanism presented was similar to 
that outlined in Eq. (79), but involving a H 2 Cr(CO) 4 (diene) intermediate. 
An isolated fra«j,fran.s-hexa-2,4-diene tetracarbonylchromium complex 
was also shown to be an intermediate in the hydrogenation of the diene 
using Cr(CO) 6 (458). Addition of acetone to the Cr(CO) 6 - or 
Cr(CO) 4 (diene)-photoinduced systems gave better activity and selectivity 
(459). 

Other photoassisted hydrogenations induced by loss of a carbonyl 
ligand include the stoichiometric reduction of carbon monoxide using the 
zirconium and titanium cyclopentadienyl carbonyl complexes (426, 428, 
Section VI,B), and the use of a supported 5—(Ph 2 P)Rh 6 (CO)i 5 system 
(339, Section IV,A). An alternative source of the HRuCl(PPh 3 ) 3 catalyst 
(Section II,A) is via UV irradiation of HRuCI(CO)(PPh 3 ) 3 , although small 
amounts of HRuCl(CO) 2 (PPh 3 ) 2 result from reaction of the monocarbonyl 
with the photoreleased CO (452, 460). Photochemical loss of N 2 from 
H 2 Fe(N 2 )(PEtPh 2 ) 3 enhances its activity for hydrogenation (461, Section 
XI). 

The activity of IrCI(CO)(PR 3 ) 2 (R = Ph, i-Pr, C 6 H„ , OPh) (see Section 
II,C), is markedly increased under UV irradiation, for example, by a 
factor of 40 for the triphenylphosphine complex in hydrogenation of 
acrylate; once formed, the intermediate [solvated IrCl(CO)(PPh 3 ) or 
IrCl(PPh 3 ) 2 ] remains active even in the dark (462-464). This photochem¬ 
ical system has also been used for selective hydrogenation of cyclic 
dienes to monoenes (463, 465, 466), and of 2-butyne-l,4-diol to 2-butene- 
1,4-diol (467). The activity of HRh(CO)(PPh 3 ) 3 , which decreases with 
time because of formation of the inactive [Rh(CO)(PPh 3 ) 2 ] 2 dimer (/, p. 
256), can be regenerated by UV irradiation (463, 468). The activity of 
RhCl(PPh 3 ) 3 for cyclooctene hydrogenation is increased by about three 
times on UV irradiation (469). 
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IX 

HYDROGENASE SYSTEMS 

There has been considerable effort in the last few years toward achiev¬ 
ing an understanding of hydrogenase enzyme systems which have the 
ability to activate H 2 for exchange with water, para-ortho conversion, 
and reduction reactions when coupled to an electron carrier E such as 
NAD + , cytochrome c 3 , or ferredoxins (/, p. 3%; 470-473). Reaction (81) 
can be catalyzed in either direction: 

H* + E ox ^ 2H + + Ered (81) 

Advances in the area have resulted from isolation of purified enzymes, 
especially from Clostridium pasteurianum (474, 475), Chromatium (472, 
476), and Desulfovibrio vulgaris (477), and from the development of 
quantitative extrusion of iron- sulfur cores from the active sites of hydro¬ 
genase and ferredoxins (473, 475, 478, 479). The enzyme systems have 
molecular weights in the range 60,000-70,000, although some prepara¬ 
tions may consist of subunits (476). The extrusion work is based on a 
synthesis of analogs (480, 481) of the recognized types of. active sites in 
iron-sulfur redox proteins (470, 478, 482), Fe(S-Cys) 4 “- 2_ , Fe 2 S 2 *(S- 
Cys) 4 2- ’ 3- , and Fe 4 S 4 *(S-Cys) 4 -,2_ * 3- , where S* represents sulfide and 
(S-Cys) represents cysteinate. Treatment of the oxidized or reduced pro¬ 
teins with thiols extracts the intact iron- sulfur cores as the thiol deriva¬ 
tives, and these are compared (UV/VIS, ESR, Mossbauer, redox data) 
with the characterized synthetic analogs. With a clostridial hydrogenase 
containing 12Fe, 12S, and 12Cys, the only extrusion product was 
Fe 4 S 4 (SPh) 4 2_ , and so the enzyme preparation is thought to contain just 
three Fe 4 S 4 *(S-Cys) 4 sites (479). Absorption spectra of the oxidized forms 
of the three enzyme preparations noted above are quite similar, indicating 
that all probably contain Fe 4 sites (473). 

RuCV- + H 2 ^ HRuCV - + H + + Cl- (82) 

HRuC 1 5 3- + D + + Cl- ^ RuCI* 3 - + HD (83) 

HRu 1 " + 2Ru ,v —» 3Ru' u + H + (84) 

Knowledge of the active site allows for speculation on the mechanism 
of H 2 -D 2 0 exchange which these Fe 4 systems catalyze (473, 483). Ruthe- 
nium(III) systems catalyze such an exchange via a ruthenium(III) hy¬ 
dride intermediate (/, p. 73; Section II,A), as exemplified in reactions 
(82) and (83), and iron hydrides must be involved in the hydrogenase 
systems. Ruthenium(III) also catalyzes the H 2 reduction of ruthenium(IV) 
via reaction (82), followed by reaction (84) (3), and using these ruthenium 
systems as models, a very tentative scheme has been proposed (473) for 
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a hydrogenase-catalyzed H 2 reduction of a ferredoxin electron carrier. 
[In reactions (85)-(88), t = an Fe 4 site; a is the active catalyst center; 
and c is an electron-transfer center coupled to the endogenous 8-Fe 


ferredoxin electron carrier, Fd.] 

t a 3- + H 2 ^ Ht a 3 ~ + H + (85) 

Ht a 3 ~ + 2t,. 2 -- t a 3 - + 2te 3 ~ + H (86) 

2t,. *" + H„ ^ 2t,. 3 + 2H + (87) 

Fd(oxidized) + 2t,. 3- Fd(reduced) + 2t, 2 “ (88) 


Reactions (85) and (86) could occur within the enzyme and result in H 2 
uptake or evolution, catalyzed (or autocatalyzed, as in the H 2 reduction 
of Ru lv ) by t a 3_ . Reaction (88) is the coupling reaction which with reaction 
(87) yields net reactions such as (81). The model is an attractive one and 
can be tested using the synthetic analogs; the oxidation level of t a remains 
to be established (473). 

A coupling of clostridial hydrogenase to photosynthetic systems can 
produce H 2 using water as the electron donor, and this system has been 
proposed as a basis for utilization of solar energy (484, 485) or biochem¬ 
ical hydrogen-oxygen fuel cells (486), but a problem is the sensitivity of 
the hydrogenase to oxygen (471). The air stability, however, is increased 
by immobilizing the enzyme on glass beads, although enzyme activity is 
markedly reduced (486, 487). 

A better understanding of hydrogenase systems will also aid in im¬ 
proving the efficiency of nitrogenases in biological nitrogen fixation (488). 
Metabolic energy in the form of ATP and reducing power is wasted by 
nitrogenase in that a competing reaction to N 2 reduction is the reduction 
of protons to H 2 , which is evolved at least in systems tested in vitro. 
The in vivo systems are complicated by the presence of hydrogenases, 
and it has been shown recently that the aerobic azotobacter enzyme does 
produce H 2 , but this is reoxidized by hydrogenase to give additional 
reducing power and the gas is not evolved (489). Anaerobic nitrogenases 
(Clostridium pasteurianum) contain hydrogenases that evolve H 2 , and 
are thus less efficient for nitrogen fixation (490). 


X 

HYDROGEN TRANSFER FROM SOLVENTS 

Considerable interest remains in catalyzed hydrogen-transfer reactions 
using as donor solvents alcohols, glycols, aldehydes, amides, acids, 
ethers, cyclic amines, and even aromatic hydrocarbons such as alkylben- 
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zenes and indane. Complexes that have been widely used are RhCl(PPh 3 ) 3 
(491-493), HRh(PPh 3 ) 4 (494), RuCl 2 (PPh 3 ) 3 (495-497), and H 2 Ru(PPh 3 ) 4 
(498-500). Two general reviews appeared in 1974 (501, 502). 

Mechanisms, exemplified by alcohol as donor (493 , 496), usually in¬ 
voke coordination of the substrate (olefins, saturated and unsaturated 
ketones, and aldehydes), then coordination of the alcohol and formation 
of a metal alkoxide, followed by /3-hydrogen transfer from the alkoxide 
and release of product via protonolysis: 



Details of the various steps which will depend on the substrates and 
donors involved, are usually not well understood. Prior coordination of 
the donor followed by that of the substrate, equivalent to a hydride route 
(Section II,A), is also possible (494, 496). Formation of intermediate 
dihydrides from a donor (e.g., from an alcohol via oxidative addition to 
give a hydrido-alkoxide, and then /8-hydrogen transfer) has also been 
invoked (491, 492, 496, 499, 500); in mechanistic terms, the hydrogena¬ 
tions then become equivalent to using molecular hydrogen for the reduc¬ 
tions. The /3-hydrogen transfer step is usually considered rate-determin¬ 
ing (494, 496). 

Use of RuCl 2 (PPh 3 ) 3 with a glucofuranose derivative (61) as donor 
solvent leads to asymmetric hydrogenation of prochiral <*,/3-unsaturated 
ketones to the saturated ketones, with up to 34% ee in the case of a 
cyclohexene-3-one (497). 



(61) 


This appears to be the first asymmetric hydrogenation using a solvent as 
the hydrogen source. Closely related to this is the use of the ruthenium(II) 
catalysts Ru 2 C1 4 (DIOP) 3 (Section III,B) or RuC 1 2 P 3 *, where P* is a chiral 
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phosphine P*MePhR (R = o- or p-anisyl, benzyl, propyl) or a neomen- 
thyldiphenylphosphine, for hydrogenation of activated olefins using ra¬ 
cemic alcohols such as 1-phenylethanol (503-505). The process gives rise 
to an interesting enantioselective dehydrogenation of the alcohols, the 
optical purity of the remaining alcohol increasing with conversion to 
acetophenone [cf. Eq. (89); R, = Ph, R 2 = CH 3 ]. The maximum optical 
induction noted was 4.8% ee for the phenylethanol, using the neomenthyl 
phosphine system with benzalacetophenone PhCH=CHCOPh as sub¬ 
strate. Optical yields were lower in the absence of hydrogen-acceptor 
substrates (504). An in situ rhodium(I) catalyst has also been used with 
the neomenthyl phosphine (506). 

Full details have now appeared on the use of iridium(III)-sulfoxide 
complexes for catalytic hydrogen transfer from alcohols, a reaction which 
is particularly useful for stereoselective reduction of cyclic ketones (507, 
508). The complexes frarts-Mo(N 2 ) 2 (diphos) 2 and H 4 Mo(diphos) 2 have 
now been reported to hydrogenate ketones using secondary alcohols as 
the hydrogen donor (509), and salts such as RhCl 3 and PdBr 2 can reduce 
aromatic nitro compounds to the corresponding amines using other aro¬ 
matic amines (e.g., indoline) as hydrogen donor (510). 

Kinetic data have appeared on the decomposition of formic acid to 
hydrogen and carbon dioxide, catalyzed by iridium and rhodium phos¬ 
phine complexes (5//); hydride transfer to the metal from a coordinated 
formate group was considered rate-determining. Closely related is the 
dehydrogenation of alcohols [Eq. (90)] using the ruthenium(II) and os- 
mium(II) carboxylate complexes M(OCOR) 2 (CO)(PPh 3 ) 2 (R = CF 3 , C 2 F 5 , 
C 6 H 5 ) (512). The mechanism involves initial alkoxide formation followed 
by /3-hydrogen elimination to give the monohydrides 
HM(OCOR)(CO)(PPh 3 ) 2 and protonolysis to give H 2 and regeneration of 
catalyst [cf. Eq. (89)]. The detailed stereochemistry of the intermediates, 
which depends very much on the lability of the carboxylate ligand (in¬ 
cluding bidentate to monodentate equilibria), was elucidated. 

R,R 2 CHOH -► R,R 2 CO + H 2 (90) 


XI 

MISCELLANEOUS NEW CATALYSTS 

This section essentially catalogs some of the “newer” catalyst systems 
that have not been considered in the previous sections. A number of the 
catalysts are certainly derived from more established ones (e.g., use of 
chelated aminophosphine ligand instead of two monodentate phosphines 
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in analogs of Vaska’s compound—see the first example), but they appear 
more innovative than those reviewed in Section II. 

Complexes containing chelated aminophosphines IrCl(CO)(PN), where 
PN is o-(diphenylphosphino)-./V,7V-dimethylaniline, or the dimethylben- 
zylamine analog, are somewhat more active than IrCl(CO)(PPh 3 ) 2 for 
hex-l-ene hydrogenation (513). The rhodium(I) complexes RhCl(CO)(PN), 
RhCl(PN) 2 , and Rh(PN) 2 + are not effective catalysts, although an ace- 
tylacetone compound formulated Rh(C 5 H 8 0 2 )(PN) was said to be active 
(514, 515). In situ rhodium(I) catalysts containing 2-aminopyridines are 
said to be more active than RhCl(PPh 3 ) 3 or HRuCl(PPh 3 ) 3 for hydrogen¬ 
ation of olefins (516). Complexes of the type M(N—N)(diene) + [where 
N—N is 2,2'-bipyridine or 1,10-phenanthrolines, and M = Rh or Ir], or 
a precursor rhodium(III) complex m-Rh(bipy) 2 Cl 2 + , provide catalysts for 
hydrogenation of olefins or ketones under mild conditions in alkaline 
methanol (517, 518). The catalysis most likely occurs via hydride routes, 
because the complexes with 1,5-hexadiene show the same reactivity 
toward H 2 as the analogous Osborn phosphine complexes [see Eqs. (23) 
and (24), Section II,B,1]. The bisbipyridyl complex leads to Rh(bipy) 2 + 
which shows an unusual preference to hydrogenate a ketone rather than 
an olefin (518). Use of optically active chelating Schiff bases as the N— 
N ligand should permit asymmetric catalysis. 

Hydrogenation of the 2-methylallyl group in the complex Tj 3 -C 4 H 7 RhCl 2 
in the presence of phosphines, sulfides, and amines, generates a range of 
in situ catalysts for olefin hydrogenation (519, 520); the most active were 
the isolated HRhCl(diphos) 2 + and RhCl 2 (diphos) complexes. The rho- 
dium(I) 7r-allyl T) 3 -C 3 H 5 Rh(PPh 3 ) 2 is similarly active (521), although a tri- 
fluorophosphine complex 7j 3 -C 3 H 5 Rh(PF 3 ) 3 with H 2 yields propylene and 
inactive HRh(PF 3 ) 4 (522). Analogous to the HRh(CO)(PPh 3 ) 3 complex 
(/, p. 250), the trifluorophosphine complex HRh(PF 3 )(PPh 3 ) 3 effects cat¬ 
alytic hydrogenation of terminal olefins (523). The cobalt analog (524) 
and the bisfluorophosphine species HRh(PF 3 ) 2 (PPh 3 ) 2 are inactive (523). 

The cyclooctadiene complex H 2 Ir 2 Cl 2 (l,5-C 8 H 12 )(PPh 3 ) 2 , believed to 
have structure 62, catalyzes the hydrogenation of 1,5- and 1,4-cyclooc- 
tadienes to cyclooctene (525, 526). 




< N 1 / 

Xs C1 / T'h 


(62) 

The major catalytic route was thought to involve a monomeric dihydride 
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H 2 Ir(diene)ClP — 
| diene 


- HIr(alkenyl)ClP ^ 


— H^rfalkenyltClP 


In the presence of strong alkali, the rhodium analog of 62, or 
RhCl(C 8 H, 2 )PPh 3 , hydrogenates aliphatic ketones at 1 atm and 20°C, and 
after treatment with borohydride the systems similarly reduce aromatic 
ketones to the alcohols (526). Deuterium exchange data for acetone re¬ 
duction were interpreted in terms of hydrogen transfer within a mono¬ 
nuclear hydroxy complex containing substrate bound in the enol form 
(63). 


H„C | /H 

I!— 

■/V " 


Incorporation of rhodium triphenylphosphine moieties into carboranes 
has led to HRh(C 2 B 9 Hn)(PPh 3)2 complexes, which are formally hydri- 
dorhodium(III) dicarbollides and which catalyze olefin hydrogenation 
under mild conditions (527). Iridium and ruthenium analogs are also 
known, including complexes with carboranylphosphine ligands, e.g., 
HRuCl(PPh3)[l-P(CH3) 2 -l,2-C2B 10 H n ]2 (527-530). 

The rhodium ally! complex ( t) 3 -C 3 H 5 )Rh[P(OMe) 3 ] 3 catalyzes olefin 
hydrogenation but, unlike the cobalt analog (see Section VII), is inactive 
toward arenes because of the ease of cleavage of the Rh- allyl bond under 
H 2 (to give propane); the active catalyst is therefore considered to be 
HRh[P(OMe) 3 ]„ (531). Hydrogenation of the cobalt complex 17 3 - 
C 3 H 5 Co[P(0-i-C 3 H7) 3 ] 3 yields propene and the trihydride H 3 Co[P(0-i- 
CsHjfsla, which is an active catalyst for hydrogenation of olefins and the 
olefinic bond in a,/3-unsaturated ketones and amides (532). 

The ruthenium allyl t7 3 -C 3 H 5 RuC 1(CO) 3 catalyzes hydrogenation of ter¬ 
minal, internal, and cyclic alkenes, and of saturated aldehydes and ke¬ 
tones to alcohols under elevated conditions (100°C, 20 atm H 2 ) (533). 
The complex itself reacts with H 2 to give catalytically inactive polynu¬ 
clear “alkyloxycarbene” derivatives, e.g., [RuCl(OCC 3 H 7 )(CO) 2 ] n and 
[RuC 1(CO) 3 ] 2 , arising by hydrogenation of the allyl group together with 
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CO insertion reactions. The catalytic hydrogenation mechanism pre¬ 
sented was based on detection of species 64 and HC1 during hydrogen¬ 
ation of ethylene, Eq. (92). Species 65 then catalyzes the reaction by 
pathways outlined in Eq. (5). 

2C,H, -H a 

(C 3 H 5 )RuC1(CO),- ^ (o-C 5 H 9 )RuC 1(CO) 3 (C 2 H,)-HRuCl(CO) s (C a H,) 

V"'' C » H « 

-HC1 H 2 I 

HRu(OC-C a H 5 )(CO). — ■ HjRuCqOC CjHjXCO), RuCl(OC • C 2 H 5 )(CO),(C,H,) 

+ HC1 -C a H 4 

(65) (64) 

(92) 

Some 7r-allylmanganese(I) tetracarbonyl complexes, partly substituted by 
phosphites or phosphines, are apparently active for olefin hydrogenation 
(534). 

The rhodium complexes formulated RhCl 2 (HL) or (RhCl 2 ) 2 L, where 
H 2 L is indigo sulfonic acid (66), effect hydrogenation of olefins; the ligand 
is thought to coordinate through the carbonyl and ring nitrogen (555). 



( 66 ) 

Solutions of HCo(N 2 )(PPh 3 ) 3 are reduced by naphthalenide to give a 
binuclear species that catalyzes hydrogenation of olefins (556). The hy¬ 
drogen in H 2 Fe(N 2 )(PEtPh 2 ) 3 may be used for stoichiometric hydrogen¬ 
ation of monoenes or dienes, and catalytic systems may also be estab¬ 
lished via hydride routes, the N 2 being lost during substrate coordination 
(461, 537). 

Borohydride reduction of NiCl 2 in dimethylformamide or dimethyl- 
acetamide leads to very active catalysts, thought to be homogeneous, for 
hydrogenation of monoolefins, unsaturated fats, cyclic dienes to mon¬ 
oenes, and saturated aldehydes and ketones (165, 538, 539). Cobaltous 
chloride systems have also been used (540). 

Use of copper(I) and silver® salts in ethylenediamine solution provides 
a method for catalytic H 2 reduction of nitroalkanes to oximes (541): 


RR'CHNO* + H 2 -» RR'C=NOH + H a O 


(93) 
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Palladium(II) and nickel(II) Schiff-base complexes such as 67 catalyze 
hydrogenation of 1-hexene in dimethylformamide at ambient conditions 
(542). 



(67) 


Kinetic data were interpreted in terms of a mechanism in which initial 
heterolytic cleavage of H 2 involved the basic O - ligand; coordination of 
olefin at the generated free equatorial site, followed by insertion to give 
alkyl and then protonation of the Pd-alkyl bond by the phenolic OH 
group, completes the catalytic cycle: 


Pd-0 



H 

Pd 


I olefM » - Pd-atkyl { 
HO HO 


Pd-0 

alkane 

(94) 


Rates of hydrogenation (and hydrogen exchange in C 2 H 5 OD) passed 
through a maximum on varying pH; this behavior is typical of hydrogen- 
ases, also considered to involve heterolytic cleavage of H 2 (/, p. 396), 
and reactions akin to (94) were thought plausible for the enzyme systems, 
the required basic site being an anion of a chelated ligand. The nature of 
the active sites in some hydrogenases has been ascertained (Section IX). 

Hydrogenation of aryldiazenido (—N=NAr—) complexes of transition 
metals remains of interest as they are considered models for nitrogenases 
(543). Reduction by H 2 to arylhydrazines, or ammonia and aniline, is 
possible depending on the complex used, and whether or not a hetero¬ 
geneous catalyst is needed. The literature has recently been summarized 
(543). Systems which themselves activate the H 2 and transfer it to the 
azo moiety to give arylhydrazines, in the absence of a heterogeneous 
catalyst, include Pt(BF 4 )(NNAr)(PPh 3 ) 2 (543. 544), [Pt(NNH)(PPh 3 ) 2 ] 2 2+ 
(545), RhCl 2 (NNAr)(PPh 3 ) 2 , and RhCl 3 (HNNAr)(PPh 3 ) 2 (546. 547). The 
first-mentioned platinum complex is probably dimeric 
[Pt(NNAr)(PPh 3 ) 2 ] 2 (BF 4 ) 2 with bridging NNAr groups, but solvated mon¬ 
omeric species were considered reactive toward H 2 (543). The cationic 
complexes Pt(NNAr)(PPh 3 ) 3 + and Pt(HNNAr)(PPh 3 ) 3 z+ react with hy¬ 
drogen to yield HPt(PPh 3 ) 3 + with evolution of nitrogen (548). 
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XII 

SUMMARY 

It should be clear from this review that interest remains high in hydro¬ 
genation reactions catalyzed by transition metal complexes, with the 
general aim of developing catalysts for selective hydrogenation under 
mild conditions. Olefin hydrogenations, for example, are important in¬ 
dustrial processes, and selectivity is critical to the success of such pro¬ 
cesses. Greater product selectivity has an important impact on energy 
and resource utilization in terms of reduced process energy requirements 
for product separation and purification, and in terms of low-value by¬ 
products. 

The advances in asymmetric hydrogenation—a stereospecific selectiv¬ 
ity—have been notable, and an understanding of the detailed pathways 
is just beginning to emerge, although much remains to be done, and 
matching of substrates with the most suitable chiral catalyst still remains 
a fairly empirical art. The intensive studies on the nonchiral RhCl(PPh 3 ) 3 
system (see Section II,A), and the cationic rhodium phosphine catalysts 
(see Section II,B,1) together with their iridium analogs (see Section II,C), 
demonstrate the quite remarkable degree of understanding that can be 
attained for a homogeneous hydrogenation catalyst at the molecular level. 
Enantiomeric products are used widely in the pharmaceutical industry 
and as food additives, and the production of either the natural or non¬ 
natural amino acids is at least one advantage shown by the organometallic 
catalysts (see Section III) compared to enzyme systems. The incorpo¬ 
ration of an effective rhodium catalyst into a protein begins perhaps to 
bring closer together analogies between the two areas. Interest is growing 
in chiral catalysts based on less expensive metals, such as cobalt (see 
Sections IIIJB and III,C), and a wider range of chiral ligands, including 
naturally occurring ones, is being exploited (see Section III,C). 

Catalysts for selective reduction of monoenes (usually based on in¬ 
creasing substitution at the double bond), polyenes to monoenes, and 
acetylenes to monoenes, are now easy to find (/, and this chapter). 
Catalysts that effect mild hydrogenation of the carbonyl group are be¬ 
coming more common, and newer ones, include, for example, 
RhCl(C 8 Hi 2 )(PPh 3 ) (see Section XI) and cobaloximes (see Section III,C), 
as well as cationic rhodium complexes with nitrogen donors (see Section 
XI), which are based on the earlier phosphine analogs (see Section 
II,B,1). The well-known RuCl 2 (PPh 3 ) 3 complex has now been shown to 
be useful for carbonyl reductions (see Section II,A). Effective asymmet¬ 
ric hydrogenation of ketones to optically active alcohols has been accom¬ 
plished. Unusual and interesting selectivities discovered now include 
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preference for hydrogenation of (a) a ketone in ketone/olefin mixtures 
using Rh(bipy) 2 + (see Section XI); (b) an aromatic substrate in the pres¬ 
ence of an olefin using allylcobalt(I) complexes (see Section VII); (c) an 
aldehyde in the presence of a ketone using RuCl 2 (PPh 3 ) 3 (see Section 
II,A); (d) an a,/3-unsaturated aldehyde to the unsaturated alcohol using 
a rhodium carbonyl amine complex (see Section II,B,2); (e) the more- 
substituted bond in a conjugated diene using CoBr(PPh 3 ) 3 (see Section 
II,C); and (f) dinitro aromatics to diamines via nitroamines using 
RuCl 2 (PPh 3 ) 3 (see Section II,A). Hydrogenation of groups such as C=0, 
C—N, —N0 2 , and —C=sN, especially in the presence of other sensitive 
functionalities, provides an area in which a great deal still needs to be 
done. 

Progress is being made in the search for catalysts to hydrogenate 
aromatic systems (see Section VII). This area is likely to become increas¬ 
ingly important if coal, which contains polyaromatic compounds, is uti¬ 
lized more for production of petrochemicals. Stereospecific production 
of fully m-C 6 D 6 H 6 from perdeuterobenzene has been reported; catalysts 
for selective hydrogenation of benzene to cyclohexene would be valuable. 

Homogeneous catalysts have now been reported for hydrogenation of 
carbon monoxide, a combustion product of coal (see Section VI,B). More 
effective catalysts will undoubtedly be discovered in the near future. 
Polynuclear or, at least, binuclear sites are favored for reduction of the 
triple bond in carbon monoxide (see Section VI,B), and this together 
with the popular parallelism to heterogeneous systems, has renewed 
interest in metal clusters as catalysts (see Section VI). A nickel cluster 
is the first catalyst reported for mild (and selective) hydrogenation of the 
triple bond in isocyanide (see Section VI,A). The use of carbon monoxide 
and water as an alternative hydrogen source is reattracting interest (see 
Section VI,C). 

Establishment of a free radical mechanism via H-atom transfer for 
hydrogenation using HMn(CO) 5 (see Section II,D), and possibly also 
HCo(CO) 4 (see Section II,C), suggests that more serious consideration 
for such mechanisms should be given for other hydridocarbonyl catalyst 
systems, and indeed for other homogeneous catalysts systems in general. 
The pentacyanocobaltate(II) catalyst can certainly operate by such a 
mechanism (see Section II,D). 

The limitations of homogeneous systems have been recognized, and 
this has stimulated the development of supported catalysts to the extent 
that a few of them now reach activity levels comparable to those of the 
homogeneous counterparts. Highly selective catalysts have been re¬ 
ported. although the selectivity patterns are often different to those of a 
homogeneous analog (see Section IV). Supported asymmetric catalysts 



390 


BRIAN R. JAMES 


are now beginning to attract attention (see Section IV,B). Alternative 
procedures for catalyst recovery, critical for the expensive but more 
active platinum metal systems, are being considered, and increased ac¬ 
tivity in the study of phase-transfer and membrane systems seems likely 
(see Section V). Hydrogenase enzyme systems may be considered as 
catalysts supported on a large semiordered polymer, and identification 
of the active site in such systems (see Section IX) will lead to improved 
model systems for this metalloenzyme. 

There is clearly a growing interest in photocatalysis involving metal 
hydrides (see Section VIII) and hydrogenase systems (see Section IX), 
and the search for systems to utilize solar energy to dissociate water into 
its elements will undoubtedly intensify further efforts. 

Finally, studies of hydrogenation catalysts have led to, and will con¬ 
tinue to lead to, somewhat accidental but significant findings concerning 
activation (by cleavage) of C—H bonds [see Sections II,A; II,B,1; II,C; 
and VI], C—O bonds [Eqs. (18), (27), and (29)], and C—C bonds (Section 
VI). 


REFERENCES 

1. B. R. James, "Homogeneous Hydrogenation.” Wiley, New York, 1973; A. E. Shilov, 
O. N. Efimov, and L. A. Nikonova, eds. Mir, Moscow, 1976 (in Russian). 

2. C. A. Reed and W. R. Roper, J. Chem. Soc., Dalton Trans, p. 1014 (1973). 

3. B. C. Hui and B. R. James, Can. J. Chem. 52, 348 (1974). 

4. W. Strohmeier, Fortschr. Chem. Forsch. 25, 71 (1972). 

5. R. E. Harmon, S. K. Gupta, and D. J. Brown, Chem. Rev. 73, 21 (1973). 

6. G. Dolcetti and N. W. Hoffman, Inorg. Chim. Acta 9, 269 (1974). 

7. S. S. Jewur, J. Rajaran, and J. C. Kuriacose, J. Sci. Ind. Res. 33, 651 (1974). 

8. B. Bogdanovic, B. Henc, A. Losler, B. Meister, H. Pauling, and G. Wilke, Angew. 
Chem., Int. Ed. Engl. 12, 954 (1973). 

9. L. Marko and B. Heil, Catal. Rev. 8, 269 (1973). 

10. J. D. Morrison, W. F. Masler, and M. K. Neuberg.Adv. Catal. 25, 81 (1976). 

11. W. S. Knowles, M. J. Sabacky, and B. D. Vineyard, Adv. Chem. Ser. 132, 274 (1974). 

12. H. B. Kagan, Pure Appl. Chem. 43, 401 (1975). 

13. J. D. Morrison, W. F. Masler, and S. Hathaway, in "Catalysis in Organic Syntheses— 
1976” (P. N. Rylander and H. Greenfield, eds.), p. 203. Academic Press, New York 
1976. 

14. C. U. Pittman, Jr. and G. O. Evans, Chem. Technol. p. 560 (1973). 

15. J. Manassen, D. D. Whitehurst, J. C. Bailar, Jr., S. Carra, M. Graziani, K. Mosbach, 
R. C. Pitkethly, E. K. Pye, and J. J. Rooney, in "Catalysis. Progress in Research” 
(F. Basolo and R. L. Burwell, Jr., eds.), p. 177. Plenum, New York, 1973. 

16. J. C. Bailar, Jr., Catal. Rev. 10, 17 (1974). 

17. Z. M. Michalska and D. E. Webster, Platinum Metals Rev. 18, 65 (1974). 

18. D. Commereuc and G. Martino, Rev. Int. Fr. Pet. 30, 89 (1975). 

19. A. L. Robinson, Science 194, 1261 (1976). 

20. Yu. I. Ermakov, Catal. Rev. 13, 77 (1976). 



Hydrogenation Reactions 


391 


21. E. Bayer and V. Schurig. Chem. Technol. p. 212 (1976). 

22. N. Takaishi, H. Imai, C. A. Bertelo, and J. K. Stille, J. Am. Chem. Soc. 98, 5400 
(1976). 

23. C. U. Pittman, Jr., and R. M. Hanes, J. Am. Chem. Soc. 98, 5402 (1976). 

24. R. H. Grubbs, E. M. Sweet, and S. Phisanbut, //"Catalysis in Organic Syntheses— 
1976 " (P. N. Rylander and H. Greenfield, eds.), p. 153. Academic Press, New York, 
1976. 

25. C. U. Pittman, Jr., S. Jacobson, L. R. Smith, W. Clements, and H. Hiramoto, in 

"Catalysis in Organic Syntheses—1976” (P. N. Rylander and H. Greenfield, eds.), p. 
161. Academic Press, New York, 1976. 

26. J. 1. Crowley and H. Rapoport, Acc. Chem. Res. 9, 135 (1976). 

27. F. R. Hartley and P. N. Vezey, Adv. Organomet. Chem. 15, 189 (1977). 

28. M. S. Scurrell, Platinum Met. Rev. 21, 92 (1977). 

29. C. U. Pittman, Jr., A. Hirao, C. Jones, R. M. Hanes, and Q. Ng, Ann. N. Y. Acad. 
Sci. 295, 15 (1977). 

30. R. Ugo, Catal. Rev. 11, 225 (1975). 

31. E. L. Muetterties, Bull. Soc. Chirn. Belg. 84, 959(1975); 85, 451 (1976). 

32. A. L. Robinson, Science 194, 1150(1976). 

33. E. L. Muetterties, Science 196 , 839 (1977). 

34. J. M. Basset and R. Ugo, in "'Aspects of Homogeneous Catalysis” (R. Ugo, ed.), 
Vol. 3, p. 138. Reidel Publ., Dordrecht, Netherlands, 1977. 

35. F. J. McQuillin, "Homogeneous Hydrogenation in Organic Chemistry." Reidel Publ., 
Dordrecht, Netherlands, 1976. 

36. A. P. G. Kieboom and F. van Rantw(jk, "Hydrogenation and Hydrogenolysis in 
Synthetic Organic Chemistry." Delft Univ. Press, Delft, 1977. 

37. W. Carruthers, "Some Modern Methods of Organic Synthesis," p. 320. Cambridge 
Univ. Press, London and New York, 1971. 

38. H. O. House, "Modem Synthetic Reactions,” 2nd ed., p. 28. Benjamin, Menlo Park, 
California, 1972. 

39. P. N. Rylander, "Organic Syntheses with Noble Metal Catalysts.” Chapter 2. Aca¬ 
demic Press, New York, 1973. 

40. F. J. McQuillin, Prog. Org. Chem. 8, 314 (1973). 

41. A. J. Birch and D. H. Williamson, Org. React. 24, 1 (1976). 

42. M. Fieser and L. F. Fieser, "Reagents for Organic Synthesis,” Vols. 4 and 5. Wiley 
(Interscience), New York, 1974 and 1975 resp. 

43. M. M. Taqui Khan and A. E. Martell, "Homogeneous Catalysis by Metal Com¬ 
plexes,” Vol. I, Chapter 1. Academic Press, New York. 1974. 

44. R. F. Heck, "Organotransition Metal Chemistry,” p. 55. Academic Press, New York, 
1974. 

45. B. L. Shaw and N. I. Tucker, "Organotransition Metal Compounds and Related 
Aspects of Homogeneous Catalysis.” Pergamon, Oxford, 1975. 

46. J. Tsuji, "Organic Synthesis by Means of Transition Metal Complexes," Vol. 1. p. 
14. Springer-Verlag, Berlin and New York, 1975. 

47. R. P. Hanzlik, "Inorganic Aspects of Biological and Organic Chemistry" p. 373. 
Academic Press. New York, 1976. 

48. U. Belluco, "Organometallic and Coordination Chemistry of Platinum,” pp. 499-505, 
517-519, and 669-674. Academic Press, New York, 1974. 

49. R. D. W. Kemmett and J. Burgess. Chem. Soc., Spec. Period. Rep. lnorg. React. 
Mech. 2. 302 (1972). 

50. R. D. W. Kemmett and M. A. R. Smith, Chem. Soc., Spec. Period. Rep. lnorg. 
React. Mech. 3. 407 (1974); 4, 305 (1976). 




392 


BRIAN R. JAMES 


51. J. L. Davidson, Chem. Soc., Spec. Period. Rep. lnorg. React. Mech. 5, 346 (1977). 

52. J. P. Candlin, G. L. P. Randall, and A. W. Parkins, Anna. Rep. Chem. Soc. 69, Sect. 
B, 267(1973). 

53. J. D. Jones, R. Pearce, and G. L. P. Randall, Anna. Rep. Chem. Soc. 70, Sect. B, 
243 (1974). 

54. J. D. Jones, R. Pearce, and R. Whelan, Annu. Rep. Chem. Soc. 71, Sect. B, 171 
(1975). 

55. R. Pearce, D. J. Thompson, and M. V. Twigg, Annu. Rep., Chem. Soc. 72, Sect. B, 

119 (1976); 73, Sect. B, 99 (1977). 

56. J. M. Davidson, MTP Int. Rev. Sci. lnorg. Chem., Ser. One 6, 355 (1972). 

57. J. M. Davidson, MTP. Int. Rev. Sci. lnorg. Chem., Ser. Two 6, 325 (1975). 

58. F. E. Paulik, Catal. Rev. 6, 49 (1972). 

59. M. Orchin and W. Pupiluis, Catal. Rev. 6, 85 (1972). 

60. L. Marko,/n “Aspects of Homogeneous Catalysis” (R. Ugo, ed.), Vol. 2, p. 3. Reidel 
Publ., Dordrecht, Netherlands, 1974. 

61. M. Tanaka, Y. Watanabe, T. Mitsudo, and Y. Takegami, Bull. Chem. Soc. Jpn. 47, 
1698(1974). 

62. F. Piacenti, M. Bianchi, and P. Frediani, Adv. Chem. Ser. 132, 283 (1974). 

63. P. Pino, G. Consiglio. C. Botteghi, and C. Salomon, Adv. Chem. Ser. 132, 295 (1974). 

64. P. Pino, F. Piancenti, and M. Bianchi, in “Organic Synthesis via Metal Carbonyls” 
(I. Wender and P. Pino, eds.), Vol. 2, p. 43. Wiley, New York, 1977. 

65. R. L. Pruett, this volume, p. 1. 

66. G. W. Parshall, Acc. Chem. Res. 8. 113 (1975). 

67. D. E. Webster, Adv. Organomet. Chem. IS, 147 (1977). 

68. A. E. Shilov and A. A. Shteinman, Coord. Chem. Rev. 24, 97 (1977). 

69. J. Halpern and C. S. Wong, J. Chem. Soc., Chem. Commun. p. 629 (1973). 

70. C. A. Tolman, P. Z. Meakin, D. L. Lindner, and J. P. Jesson.d. Am. Chem. Soc. 96, 
2762(1974). 

71. Y. Demortier and I. de Aguirre, Bull. Soc. Chim. Fr. pp. 1614 and 1619 (1974). 

72. J. Halpern, in “Organotransition Metal Chemistry” (Y. Ishida and M. Tsutsui, eds.) 
p. 109. Plenum, New York, 1975. 

73. Y. Ohtani, M. Fujimoto, and A. Yamagishi, Bull. Chem. Soc. Jpn. 50, 1453 (1977). 

74. J. Halpern, T. Okamoto, and A. Zakhariev, J. Mol. Catal. 2, 65 (1977). 

75. H. C. Clark, C. Jablonski, J. Halpem, A. Mantovani, and T. A. Weil, lnorg. Chem. 
13, 1541 (1974). 

76. S. Siegel and D. W. Ohrt, J. Chem. Soc., Chem. Commun. p. 1529(1971). 

77. S. Siegel and D. W. Ohrt, lnorg. Nucl. Chem. Lett. 8, 15 (1972). 

78. M. H. J. M. de Croon, P. M. F.T. van Nisselrooij, H.J.A.M. Kuipers, and J. W. E. 
Coenen, J. Mol. Catal., in press. 

79. G. G. Strathdee and R. M. Given, J. Catal. 30, 30 (1973). 

80. J. A. Osborn, F. H. Jardine, J. F. Young, and G. Wilkinson, J. Chem. Soc. A. p. 
1711 (1966). 

81. M. J. Bennett and P. B. Donaldson, lnorg. Chem. 16, 655 (1977). 

82. R. B. King and C. R. Bennett, Adv. Chem. Ser. 132, 124 (1974). 

83. B. R. James, A. D. Rattray, and D. K. W. Wang, J. Chem. Soc., Chem. Commun. 
p. 792 (1976). 

84. B. R. James and D. K. W. Wang, J. Chem. Soc., Chem. Commun. p. 550 (1977); in 
"Homogeneous Catalysis" (M. Tsutsui and Y. Ishii, eds.), p. 35. Plenum, New York, 
1978. 




Hydrogenation Reactions 


393 


85. J. Halpern, Adv. Chem. Ser. 70. 1 (1968). 

86. A. D. English and T. Herskovitz, J. Am. Chem. Soc. 99 , 1648 (1977). 

87 B. C. Hui and B. R. James, Can. J. Chem. 52, 3760 (1974). 

88. B. R. James, L. D. Markham, and D. K. W. Wang, J. Chem. Soc., Chem. Commun. 
p. 439 (1974). 

89. P. R. Hoffman and K. G. Caulton. J. Am. Chem. Soc. 97, 4221 (1975). 

90. D. K. W. Wang, Ph.D. Dissertation, University of British Columbia (1978). 

91. G. G. Strathdee and R. M. Given, Can. J. Chem. 53, 105 (1975). 

92. H. W. Kircher and F. U. Rosenstein, J. Org. Chem. 38, 2259 (1973). 

93. R. E. Ireland and P. Bey, Org. Svnth. 53, 63 (1973). 

94. F. H. Lincoln, W. P. Schneider, and J. E. Pike,./. Org. Chem. 38. 951 (1973). 

95. M. M. Bhagwat and D. Devaprabhakara, Tetrahedron Lett. p. 1391 (1972). 

96. H. W. Thompson and E. McPherson, J. Am. Chem. Soc. 96, 6232 (1974). 

97. W. Strohmeier and K. Grunter, J. Organomet. Chem. 90, C45 (1975). 

98 W. Strohmeier and E. Hitzel../. Organomet. Chem. 91. 373 (1975); 102 C37 (1975). 
98a 1. Mochida, S. Shirahama, H. Fujitsu, and K. Takeshita. Chem. Lett. p. 1025 (1975). 

99. 1. Ojima. T. Kogure, and K. Achiwa.T. Chem. Soc., Chem. Commun. p. 428 (1977). 

100. S. Vastag, B. Heil. S. Toros, and L. Marko, Transition Met. Chem. 2, 58 (1977). 

101. J. Tsuji and H. Suzuki, Chem. Lett. p. 1083 (1977). 

102. J. Tsuji and H. Suzuki, Chem. Lett. p. 1085 (1977). 

103. S. Nishimura, T. Ichino, A. Akimoto, and K. Tsuneda, Bull. Chem. Soc. Jpn. 46, 279 
(1973). 

103a. S. Nishimura, O. Yumoto, K. Tsuneda, and H. Mori,Bull. Chem. Soc. Jpn. 48, 2603 
(1975). 

104. J. F. Knifton, J. Org. Chem. 40, 519(1975); 4I S 1200(1976). 

105. J. F. Knifton, Tetrahedron Lett. p. 2163 (1975). 

106. J. E. Lyons, J. Chem. Soc., Chem. Commun. p. 412(1975). 

107. P. Morand and M. Kayser, J. Chem. Soc., Chem. Commun. p. 314 (1976). 

108. Y. Takagi, S. Teratani, S. Takahashi. and K. Tanaka, J. Mol. Catal. 2, 321 (1977). 
109 B. Bayerl, M. Wahren, and J. Graefe, Tetrahedron 29, 1837 (197.3). 

110. W. Strohmeier and R. Endres, Z. Naturforsch., Teil B 27, 1415 (1972). 

111. W. Strohmeier and E. Hitzel, J. Organomet. Chem. 87, 257 (1975). 

112. W. Strohmeier and E. Hitzel,./. Organomet. Chem. 110 , C22 and 389 (1976). 

113. W. Strohmeier and G. Buckow, J. Organomet. Chem. 110 , C17 (1976). 

114. M. J. Bennett and P. B. Donaldson. J. Am. Chem. Soc. 93, 3307 (1971). 

115 R. L. Augustine, R. G. Pellet, J. F. Van Peppen, and J. P. Mayer, Adv. Chem. Ser. 
132, 111 (1974). 

116. G. L. Geoffroy, D. A. Denton, M. E. Kenney, and R. R. Bucks. Inorg. Chem. 15, 
2382 (1973). 

117. M. J. Bennett and P. B. Donaldson, Inorg. Chem. 16, 1581 (1977). 

118. W. R. Cullen, B. R. James, and G. Strukul, Inorg. Chem. 17, 484 (1978). 

119. W. R. Cullen, B. R. James, and G. Strukul, Can. J. Chem. 56, 1965 (1978). 

120. W. Strohmeier and E. Hitzel, Z. Naturforsch., Teil B 31, 945 and 1086 (1976). 

121. L. Kim and K. C. Dewhirst.y. Org. Chem. 38, 2722 (1973). 

122. R. A. Porter and D. F. Schriver, J. Organomet. Chem. 90 , 41 (1975). 

123. S. H. Strauss and D. F. Schriver, Proc. Int. Conf. Organomet. Chem., 8th, 1977 
Abstract 4B 28 (1977). 

124. G. Sbrana, G. Braca, and E. Giannetti, J. Chem. Soc., Dalton Trans, p. 1847 (1976). 

125. F. Joo and M. T. Beck, React. Kinet. Catal. Lett. 2, 257 (1975). 





394 


BRIAN R. JAMES 


126. F. Joo, Z. Toth, and M. T. Beck, Inorg. Chim. Acta, 25, L61 (1977). 

127. W. Kruse and L. W. Wright, Proc. Int. Conf. Coord. Chem., 17th, 1976 p. 30 (1976); 
U.S. Patent 3,935,284 (1976). 

128. J. Chatt, G. J. Leigh, and R. M. Slade, J. Chem. Soc., Dalton Trans, p. 2021 (1973). 

129. J. R. Shapely, R. R. Schrock, and J. A. Osborn, J. Am. Chem. Soc. 91, 2816 (1969). 

130. R. R. Schrock and J. A. Osborn, J. Chem. Soc., Chem. Common, p. 567 (1970). 

131. R. R. Schrock and J. A. Osborn, J. Am. Chem. Soc. 93, 2397 (1971). 

132. R. R. Schrock and J. A. Osborn, J. Am. Chem. Soc. 93, 3089 (1971). 

133. R. R. Schrock and J. A. Osborn, J. Am. Chem. Soc. 98, 2134 (1976). 

134. R. R. Schrock and J. A. Osborn, J. Am. Chem. Soc. 98, 2143 (1976). 

135. R. R. Schrock and J. A. Osborn, J. Am. Chem. Soc. 98, 4450 (1976). 

136. R. H. Crabtree, H. Felkin, and G. E. Morris, J. Chem. Soc., Chem. Commun. p. 716 
(1976). 

137. R. H. Crabtree, H. Felkin, and G. E. Morris, J. Organomet. Chem. 141 , 205 (1977). 

138. R. H. Crabtree, H. Felkin, T. Khan, and G. E. Morris, J. Organomet. Chem. 144 , 
C15 (1978). 

138a. J. Halpem, D. P. Riley, A. S. C. Chan, and J. J. Pluth,7. Am. Chem. Soc. 99, 8055 
(1977). 

139. R. H. Crabtree, J. Chem. Soc., Chem. Commun. p. 647 (1975). 

140. I. Mochida, S. Shirahama, H. Fujitsu, and K. Takeshita, Chem. Lett. p. 421 (1977). 
140a. B. R. James, R. H. Morris, and K. J. Reimer, Can. J. Chem. 55, 2353 (1977). 

141. G. F. Pregaglia, G. F. Ferrari, A. Andreeta, G. Capparella, F. Genoni, and R. Ugo, 
J. Organomet. Chem. 70 , 89(1974). 

142. J. Hjortkjaer, Adv. Chem. Ser. 132, 133 (1974). 

143. D. E. Budd, D. G. Holah, and B. C. Hui, Can. J. Chem. 52, 775 (1974); D. G. Holah, 
I. M. Hoodless, A. N. Hughes, B. C. Hui, and D. Martin, ibid. p. 3758. 

144. D. R. Fahey, J. Org. Chem. 38, 80 and 3343 (1973). 

145. B. R. James, L. D. Markham, B. C. Hui, and G. L. Rempel, J. Chem. Soc., Dalton 
Trans, p. 2247 (1973). 

146. S. Komiya and A. Yamamoto, Bull. Chem. Soc. Jpn. 49, 2553 (1976). 

147. S. Komiya, T. Ito, M. Cowie, A. Yamamoto, and J. A. Ibers, J. Am. Chem. Soc. 98. 
3874 (1976). 

148. D. J. Cole-Hamilton and G. Wilkinson, J. Chem. Soc., Dalton Trans, p. 797 (1977). 

149. D. J. Cole-Hamilton and G. Wilkinson, J. Chem. Soc., Chem. Commun. p. 59 (1977). 

150. S. Komiya and A. Yamamoto, J. Chem. Soc., Chem. Commun. p. 523 (1974). 

151. F. Pennella, J. Organomet. Chem. 65, C17 (1974). 

152. F. Pennella, Coord. Chem. Rev. 16, 51 (1975). 

153. S. Komiya, A. Yamamoto, and S. Ikeda, J. Organomet. Chem. 42 , C65 (1972). 

154. R. W. Mitchell, A. Spencer, and G. Wilkinson, J. Chem. Soc., Dalton Trans, p. 846 
(1973). 

155. A. Spencer, J. Organomet. Chem. 93, 389(1975). 

156. Z. Nagy-Magos, B. Heil, and L. Marko, Transition Met. Chem. 1, 215 (1976). 

157. A. Dobson and S. D. Robinson, Platinum Met. Rev. 20, 56(1976). 

158. W. Strohmeier, R. Fleischmann, and W. Rehder-Stimweiss, J. Organomet. Chem. 
47 , C37 (1973). 

159. G. Dolcetti, Inorg. Nucl. Chem. Lett. 9, 705 (1973). 

160. P. W. Clark and G. E. Hartwell, J. Organomet. Chem. 139, 385 (1977). 

161. W. Strohmeier and A. Kaiser, J. Organomet. Chem. 114 , 273 (1976). 

162. T. Mizoroki, K. Seki, S. Meguro, and A. Ozaki, Bull. Chem. Soc. Jpn. 50, 2148 
(1977). 





Hydrogenation Reactions 


395 


163. K. Kogami, O. Takahashi, and J. Kumanotani, Bull. Chem. Soc. Jpn. 45, 604 (1972); 
46, 3562 (1973). 

164. P. Abley, I. Jardine, and F. J. McQuillin, y. Chem. Soc. C' p. 840 (1971). 

165. P. Abley and F. J. McQuillin.y. Calal. 24, 536(1972). 

166. C. J. Love and F. J. McQuillin, J. Chem. Soc., Perkin Trans. I. p. 2509 (1973). 

167. V. I. Bystrenina, V. N. Kravtsova, and A. D. Shebaldova. Issled. Obi. Sinl. Ratal. 
Ora. Soedin. p. 34 (1975); Chem. Abslr. 86, 106010 (1977). 

168. B. R. James and F. T. T. Ng, Can. J. Chem. 53, 797 (1975). 

169. B. R. James and G. Rosenberg, Can. J. Chem. 54, 313 (1976). 

170. R. Iwata and I. Ogata, Tetrahedron, p. 2753 (1973). 

171. A. G. Hinze, Reel. Trav. Chim. Pays-Bas 92, 542 (1973). 

172. C. White, A. J. Oliver, and P. M. Maitlis. J. Chem. Soc.. Dalton Trans, p. 1901 
(1973). 

173. M. R. Churchill and S.W.-Y. Ni,y. Am. Chem. Soc. 95, 2150(1973); M. R. Churchill 
and S. A. Julis, Inorg. Chem. 16, 1488(1977). 

174. D. S. Gill, C. White, and P. M. Maitlis, J. Chem. Soc., Dalton Trans, p. 617 (1978). 

175. W. Strohmeier and W. Diehl, Z. Naturforsch. Teil B 28, 207 (1973). 

176. M. G. Burnett, R. J. Morrison, and C. J. Strugnell, J. Chem. Soc., Dalton Trans, p. 
701 (1973). 

177. M. G. Burnett and R. J. Morrison. J. Chem. Soc., Dalton Trans, p. 632 (1973). 

178. M. G. Burnett, R. J. Morrison, and C. J. Strugnell, J. Chem. Soc., Dalton Trans, p. 
1663 (1974). 

179. J. E. Lyons, J. Catal. 30. 490 (1973). 

180. W. Strohmeier, H. Steigerwald, and M. Lukacs.y. Organomet. Chem. 144. 135 (1978). 

181. C. Y. Chan and B. R. James, Inorg. Nad. Chem. Lett. 9, 135 (1973). 

182. J. L. Hendrikse and J. W. E. Coenen. y. Catal. 30, 72 (1973). 

183. J. L. Hendrikse, J. H. Kaspersma, and J. W. E. Coenen, Int. J. Chem. Kinet. 7, 557 
(1975). 

184. J. L. Hendrikse, J. W. E. Coenen. and A. W. P. G. Peters-Rit. React. Kinet. Catal. 
Lett. 2. 151 (1975). 

185. E. Balogh-Hergovich, G. Speier, and L. Marko, J. Organomet. Chem. 66. 303 (1974). 

186. K. Kawakami, T. Mizoroki, and A. Ozaki, Chem. Lett. p. 847 (1976). 

187. L. Marko, B. Heii, and S. Vastag, Adv. Chem. Ser. 132, 27 (1974). 

188. H. M. Federand J. Halpem.y. Am. Chem. Soc. 97, 7186(1975). 

189. S. Takeuchi, Y. Ohgo, and J. Yoshimura, Bull. Chem. Soc. Jpn. 47, 463 (1974). 

190. M. N. Ricroch and A. Gaudemer,./. Organomet. Chem. 67, 119(1974). 

191. K. Ohkubo, K. Tsuchihashi, H. Ikebe, and H. Sakamoto, Bull. Chem. Soc. Jpn. 48. 
1114 (1975). 

192. J. Basters, C. J. Groenenboom, H. Van Bekkum, and L. L. Van Reijen, Reel. Trav. 
Chim. Pavs-Bas 92, 219 (1973). 

193. T. Funabiki, M. Mohri, and K. Tamara, J. Chem. Soc.. Dalton Trans, p. 1813 (1973). 

194. H. J. Clase, A. J. Cleland, and M. J. Newlands, J. Organomet. Chem. 93, 231 (1975); 
J. Chem. Soc., Dalton Trans, p. 2546 (1973). 

195. T. Funabiki. Y. Yamazaki, and K. Tarama, J. Chem. Soc.. Chem. Commun. p. 63 
(1978). 

1%. A. Nakamura and S. Otsuka, J. Am. Chem. Soc. 95, 7262 (1973). 

197. A. Nakamura and S. Otsuka, Tetrahedron Lett. p. 4529 (1973). 

198. M. Cais, D. Fraenkel, and K. Weidenbaum, Coord. Chem. Rev. 16, 27 (1975). 

199. G. Yagapsky and M. Cais, Inorg. Chim. Acta 12, L27 (1975). 

200. T. A. Weil, S. Metlin. and I. Wender, J Organomet. Chem. 49, 227 (1973). 




BRIAN R. JAMES 


201. R. L. Sweany and J. Halpem, J. Am. Chem. Soc. 99, 8335 (1977). 

202. G. Fachinetti and C. Floriani, J. Chem. Soc., Chem. Commun. p. 66 (1974). 

203. B. Bell, J. Chatt, and G. J. Leigh,./. Chem. Soc., Dalton Trans, p. 997 (1973). 

204. W. Strohmeier and L. Weigelt, Z. Naturforsch. Teil B 31, 387 (1976). 

205. W. Strohmeier and M. Pfoehler, Z. Naturforsch., Teil B 30, 466 (1975); 31, 390 and 
941 (1976). 

206. J. W. Larsen and L. W. Chang, J. Org. Chem. 41, 3332(1976). 

207. I. Ojima, T. Kogure, M. Nihonyanagi, and Y. Nagai, Bull. Chem. Soc. Jpn. 45, 3506 
(1972). 

208. T. Ojima, T. Kogure, and Y. Nagai, Tetrahedron Lett. p. 5035 (1972). 

209. I. Ojima, M. Nihonyanagi, and Y. Nagai, Bull. Chem. Soc. Jpn. 45, 3722 (1972). 

210. 1. Ojima, M. Nihonyanagi, T. Kogure„M. Kumagi, S. Horiuchi, and K. Nakatsugawa, 
J. Organomet. Chem. 94, 449 (1975). 

211. T. Hayashi, K. Yamamoto, and M. Kumada, /. Organomet. Chem. 112, 253 (1976). 

212. 1. Ojima, T. Kogure, and Y. Nagai, Tetrahedron Lett. p. 2475 (1973). 

213. I. Ojima, S. Inaba, and Y. Nagai, Tetrahedron Lett. p. 4363 (1973). 

214. J. D. Morrison and H. S. Mosher, “Asymmetric Organic Reactions." Am. Chem. 
Soc., Washington, D.C., 1976. 

215. J. W. Scott and D. Valentine, Jr., Science 184, 943 (1974). 

216. L. Horner, H. Buthe, and H. Siegel, Tetrahedron Lett. p. 4023 (1968). 

217. L. Homer, H. Siegel, and H. Buthe, Angew. Chem., Int. Ed. Engl. 7, 942 (1968). 

218. L. Horner and H. Siegel, Phosphorus 1, 199 and 209 (1972). 

219. W. S. Knowles and M. J. Sabacky, J. Chem. Soc., Chem. Commun. p. 1445 (1968). 

220. W. S. Knowles, M. J. Sabacky, and B. D. Vineyard, Ann. N. Y. Acad. Sci. 172, 232 
(1970). 

221. J. D. Morrison, R. E. Burnett. A. M. Aguiar, C. J. Morrow, and C. Phillips,/. Am. 
Chem. Soc. 93, 1301 (1971). 

222. J. D. Morrison and W. F. Masler,/. Org. Chem. 39, 270 (1974). 

223. T. P. Dang and H. B. Kagan, J. Chem. Soc., Chem. Commun. p. 481 (1971). 

224. T. P. Dang, J.-C. Poulin, and H. B. Kagan,/. Organomet. Chem. 91, 105 (1975). 

225. H. B. Kagan and T. P. Dang, /. Am. Chem. Soc. 94, 6429 (1972). 

226. W. S. Knowles, M. J. Sabacky, and B. D. Vineyard,/. Chem. Soc., Chem. Commun. 
p. 10 (1972). 

227. W. S. Knowles, M. J. Sabacky, and B. D. Vineyard, Chem. Technol. p. 591 (1972). 

228. W. S. Knowles, M. J. Sabacky, and B. D. Vineyard, Ann. N. F. Acad. Sci. 214, 119 

(1973). 

229. H. B. Kagan, N. Langlois, and T. P. Dang, /. Organomet. Chem. 90, 353 (1975); 
Tetrahedron Lett. p. 4865(1973). 

230. "The Strem Chemiker,” Vol. IV, No. 1, p. 10. 1976. 

231. A. M. Aguiar, C. J. Morrow, J. D. Morrison, R. E. Burnett, W. F. Masler, and N. 
S. Bhacca,/. Org. Chem. 41, 1545 (1976). 

232. W. Beck and H. Menzel. /. Organomet. Chem. 133, 307 (1977). 

232a. C. Fisher and H. S. Mosher, Tetrahedron Lett. p. 2487 (1977). 

233. M. Tanaka, Y. Ikeda, and 1. Ogata, Chem. Lett. p. 1115 (1975). 

233a. J.-C. Poulin, T.-P. Dang, and H. B. Kagan,/. Organomet. Chem. 84, 87 (1975). 

234. R. Glaser, Tetrahedron Lett. p. 2127 (1975). 

235. R. Glaser and B. Vainas,/. Organomet. Chem. 121, 249(1976). 

236. R. Glaser and J. Blumenfeld, Tetrahedron Lett. p. 2525 (1977). 

237. R. Glaser, S. Geresh, J. Blumenfeld, B. Vainas, and M. Twaik, Isr. J. Chem. 15, 17 
(1977). 



Hydrogenation Reactions 


397 


238. R. Glaser and S. Geresh, Tetrahedron Lett. p. 2527 (1977). 

239. G. Gelbard. H. B. Kagan, and R. Stem, Tetrahedron 32, 233 (1976). 

240. S. Brunie, J. Mazan, N. Langlois, and H. B. Kagan, J. Organomet. Chem. 114, 225 
(1976). 

241. R. Glaser, M. Twaik, S. Geresh, and J. Blumenfeld, private communication. 

242. R. Glaser, J. Blumenfeld, and M. Twaik, private communication. 

243. A. P. Stoll and R. Suess, Helv. Chim. Acta 57, 2487 (1974). 

244. W. S. Knowles, M. J. Sabacky, B. D. Vineyard, and D. J. Weinkauff, J. Am. Chem. 
Soc. 97. 2567 (1975). 

245. B. D. Vineyard, W. S. Knowles, M. J. Sabacky, G. L. Backman, and D. J. Weinkauff, 
J. Am. Chem. Soc. 99, 5946(1977). 

246. R. Glaser and M. Twaik, Tetrahedron Lett. p. 1219(1976). 

247. M. D. Fryzuk and B. Bosnich, J. Am. Chem. Soc. 99, 6262 (1977). 

248. R. G. Ball and N. C. Payne, Inorg. Chem. 16, 1187(1977). 

249. K. Achiwa, J. Am. Chem. Soc. 98, 8265 (1976). 

250. K. Achiwa, Tetrahedron Lett. p. 3735 (1977). 

251. K. Achiwa, Chem. Lett. p. 777 (1977). 

252. T. Hayashi, T. Mise, S. Mitachi. K. Yamamoto, and M. Kumada, Tetrahedron Lett. 
p. 1133 (1976). 

253. K. Tamao, H. Yamamoto, H. Matsumoto, N. Miyake, T. Hayaski, and M. Kumada, 
Tetrahedron Lett. p. 1389 (1977). 

254. R. H. Grubbs and R. A. de Vries, Tetrahedron Lett. p. 1879 (1977). 

255. T. Hayashi, K. Yamamoto, and M. Kumada, Tetrahedron Lett. p. 4405 (1974). 

256. T. Hayashi, M. Tajika, K. Tamao. and M. Kumada, J. Am. Chem. Soc. 98. 3718 
(1976). 

257. W. R. Cullen and E.-S. Yeh, 7. Organomet. Chem. 139, C13 (1977). 

258. F. W. B. Einstein and A. Willis, private communication. 

259. M. Tanaka and I. Ogata, J. Chem. Soc., Chem. Commun. p. 735 (1975). 

260. T. Hayashi, M. Tanaka, and 1. Ogata, Tetrahedron Lett. p. 295 (1977). 

261. Y. Chevallier, R. Stem, and L. Sajus, Tetrahedron Lett. p. 1197 (1969). 

262. K. Yamamoto, A. Tomita, and J. Tsuji, Proc. Int. Conf. Organomet. Chem., 8th, 
1977 Abstract 4B04 (1977). 

263. M. Fiorini, G. M. Giongo, F. Marcati. and W. Marconi, 7. Mol. Catal. 1, 451 (1976). 

264. G. Pracejus and H. Pracejus, Tetrahedron Lett. p. 3497 (1977). 

265. L. M. Samoilenko, V. K. Latov, and V. M. Belikov, Izv. Akad. Nauk SSSR, Ser. 
Khim. p. 1318 (1977); Chem. Ahstr. 87, 134357(1977). 

266. T. lwami, T. Yoshida, and M. Sato, Nippon Kagaku Kaishi. p., 1652 (1976); Chem. 
Ahstr. 86, 90155 (1977). 

267. W. R. Cullen and Y. Sugi, Tetrahedron Lett. p. 1635 (1978). 

268. M. E. Wilson and G. M. Whitesides, 7. Am. Chem. Soc. 100. 306 (1978). 

269. A. Levi, G. Modena, and G. Scorrano, 7. Chem. Soc., Chem. Commun. p. 6 (1975). 

270. R. Glaser, S. Geresh, and J. Blumenfeld, 7. Organomet. Chem. 112, 355 (1976). 

271. D. Sinou and H. B. Kagan, 7. Organomet. Chem. 114, 325 (1976). 

272. D. A. Slack and M. C. Baird, 7. Organomet. Chem. 142, C69G 977). 

273. B. R. James and D. Mahajan, !sr. 7. Chem. 15, 214 (1977). 

274. W. R. Cullen, A. Fenster, and B. R. James, Inorg. Nucl. Chem. Lett. 10, 167 (1974). 

275. B. R. James, R. S. McMillan, R. H. Morris, and D. K. W. Wang, Adv. Chem. Ser. 
167. 122 (1978). 

276. A. Sanger, 7. Chem. Soc., Dalton Trans, p. 120 (1977). 

277. P. Bonvicini, A. Levi, G. Modena, and G. Scorrano,7. Chem. Soc.. Chem. Commun. 
p. 1188 (1972). 



398 


BRIAN R. JAMES 


278. M. Tanaka, Y. Watanabe, T. Mitsudo, H. Iwane, and Y. Takegami, Chem. Lett. p. 
239 (1973). 

279. T. Hayashi, T. Mise, and M. Kumada, Tetrahedron Lett. p. 4351 (1976). 

280. J. Solodar, Chem. Technol. p. 421 (1975). 

281. C. J. Sih, J. B. Heather, G. P. Peruzotti, R. Sood, and L. F. H. Lee, J. Am. Chem. 
Soc. 95, 1676 (1973). 

282. B. Heil, S. Toros, S. Vastag, and L. Marko, J. Organomet. Chem. 94, C47 (1975). 

283. I. Ojima, T. Kogure, M. Kumagai, and K. Achiwa, Proc. 26th Int. Congr. Pure Appl. 
Chem. Abstract 9F5 10 (1977). 

284. I. Ojima, K. Yamamoto, and M. Kumada, in “Aspects of Homogeneous Catalysis” 
(R. Ugo, ed.), Vol. 3, p. 186. Reidel Publ., Dordrecht, Netherlands, 1977. 

285. 1. Ojima, T. Kogure, and M. Kumagai, J. Org. Chem. 42, 1671 (1977). 

286. K. Yamamoto, T. Hayashi, and M. Kumada, J. Organomet. Chem. 54, C45 (1973). 

287. I. Ojima, T. Kogure, and Y. Nagai, Chem. Lett. p. 541 (1973). 

288. I. Ojima and Y. Nagai, Chem. Lett. p. 223 (1974). 

289. I. Ojima, T. Kogure, and Y. Nagai, Tetrahedron Lett. p. 1889 (1974). 

290. I. Ojima and Y. Nagai, Chem. Lett. p. 191 (1975). 

291. I. Ojima, in Organotransition Metal Chemistry" (Y. Ishida and M. Tsutsui, eds.), 
p. 255. Plenum, New York, 1975. 

292. I. Ojima, T. Kogure, M. Kumagai, S. Horiuchi, and T. Sato, J. Organomet. Chem. 
122, 83 (1976). 

293. T. Hayashi, K. Yamamoto, K. Kasaga, H. Omizu, and M. Kumada, J. Organomet. 
Chem. 113, 127 (1976). 

294. R. J. P. Corriu and J. J. E. Moreau, J. Organomet. Chem. 64, C51 (1974). 

295. R. J. P. Corriu and J. J. E. Moreau, J. Organomet. Chem. 85, 19 (1975). 

296. W. Dumont, J.-C. Poulin, T.-P. Dang, and H. B. Kagan, J. Am. Chem. Soc. 95, 8295 
(1973). 

297. I. Ojima, T. Kogure, and Y. Nagai, Chem. Lett. p. 985 (1975). 

298. T. Hayoshi, K. Yamamoto, and M. Kumada, Tetrahedron Lett. p. 3 (1975). 

299. M. Tanaka, Y. Watanabe, T. Mitsudo, Y. Yasunori, and Y. Takagami, Chem. Lett. 
p. 137(1974). 

300. R. J. P. Corriu and J. J. E. Moreau, J. Organomet. Chem. 91, C27 (1975). 

301. B. R. James, D. K. W. Wang, and R. F. Voigt, J. Chem. Soc., Chem. Commun. p. 
574 (1975). 

302. B. R. James and D. K. W. Wang, Inorg. Chim. Acta 19, L17 (1976). 

303. M. Bressan and P. Rigo, Inorg. Chem. 14, 2286(1975). 

304. C. Botteghi, M. Bianchi, E. Benedetti, and U. Matteoli, Chimia 29, 256 (1975). 

305. M. Bianchi, F. Piacenti, P. Frediani, U. Matteoli, C. Botteghi, S. Gladiali, and E. 
Benedetti, J. Organomet. Chem. 141 , 107(1977). 

306. C. Botteghi, S. Gladiali, M. Bianchi, U. Matteoli, P. Frediani, P. Vergamini, and E. 
Benedetti, J. Organomet. Chem. 140, 221 (1977). 

307. K. Yamamoto, T. Hayashi, and M. Kumada, J. Organomet. Chem. 46, C65 (1972). 

308. P. H. Boyle and M. T. Keating, J. Chem. Soc., Chem. Commun. p. 375 (1974). 

309. Y. Ohgo, K. Kobayashi, S. Takeuchi, and J. Yoshimura, Bull. Chem. Soc. Jpn. 45, 
933 (1972). 

310. Y. Ohgo, S. Takeuchi, and J. Yoshimura, Bull. Chem. Soc. Jpn. 43, 505 (1970). 

311. Y. Ohgo, S. Takeuchi, and J. Yoshimura, Bull. Chem. Soc. Jpn. 44, 583 (1971). 

312. S. Takeuchi, Y. Ohgo, and J. Yoshimura, Chem. Lett. p. 265 (1973). 

313. Y. Ohgo, S. Takeuchi, Y. Natori, and J. Yoshimura, Chem. Lett. pp. 33, 709, and 
1327 (1974). 




Hydrogenation Reactions 


399 


314. Y. Ohashi, Y. Sasada, Y. Tashiro, Y. Ohgo, S. Takeuchi, and J. Yoshimura, Bull. 
Chem. Soc. Jpn. 46, 2589 (1973). 

315. R. W. Waldron and J. H. Weber, Inorg. Chem. 16, 1220 (1977). 

316. Y. Ohashi and Y. Sasada, Bull. Chem. Soc. Jpn. 50, 1710 (1977). 

317. Y. Ohashi and Y. Sasada, Bull. Chem. Soc. Jpn. 50, 2863 (1977). 

318. G. Zassinovich, A. Camus, and G. Mestroni, J. Organomet. Chem. 133, 377 (1977). 

319. H. Hirai and T. Furuta, J. Polym. Sci., Polym. Lett. Ed. 9, 459 and 729 (1971). 

320. B. R. James, R. S. McMillan, and K. J. Reimer, J. Mol. Catal. 1, 439 (1976). 

321. B. R. James and R. S. McMillan, Can. J. Chem. 55, 3927 (1977). 

322. H. Boucher and B. Bosnich, J. Am. Chem. Soc. 99, 6253 (1977). 

323. C. Carlini, D. Politi, and F. Ciardelli, J. Chem. Soc., Chem. Commun. p. 1260 (1970). 

324. R. C. Michaelson, R. E. Palermo, and K. B. Sharpless, J. Am. Chem. Soc. 99, 1990 
(1977). 

325. R. E. Harmon, J. L. Parsons, D. W. Cooke, S. K. Gupta, and J. Schoolenberg, J. 
Org. Chem. 34, 3684 (1969). 

326. F. H. Jardine and G. Wilkinson, J. Chem. Soc. C p. 270 (1967). 

327. 'Workshop on Fundamental Research in Homogeneous Catalysis as Related to United 
States Energy Problems.” Stanford University, Palo Alto, California, 1974. 

328. M. Tsutsui and R. Ugo, eds., "Fundamental Research in Homogeneous Catalysis.” 
Plenum, New York, 1977. 

329. C. U. Pittman, Jr., L. R. Smith, and R. M. Hanes,./. Am. Chem. Soc. 97, 1742 (1975). 

330. S. E. Jacobson and C. U. Pittman, Jr., J. Chem. Soc., Chem. Commun. p. 187 (1975). 

331. C. U. Pittman, Jr., S. E. Jacobson, and H. Hiramoto, J. Am. Chem. Soc. 97. 4774 
(1975). 

332. J. Conan, K. Bartholin, and A. Guyot, J. Mol. Catal. 1, 375 (1976). 

333. K. Kochloefl, W. Liebelt, and H. Knozinger, J. Chem. Soc., Chem. Commun. p. 510 
(1977). 

334. R. H. Grubbs, C. Gibbons, L. C. Kroll, W. D. Bonds, and C. H. Brubaker, J. Am. 
Chem. Soc. 95, 2373 (1973). 

.335. J. E. Bercaw, R. H. Marvich, L. G. Bell, and H. H. Brintzinger, J. Am. Chem. Soc. 
94. 1219(1972). 

336. A. Davison and S. S. Wreford, J. Am. Chem. Soc. 96, 3017 (1974). 

337. T. Kitamura, T. Joh, and N. Hagihara, Chem. Lett. p. 203 (1975). 

338. T. Kitamura, N. Sakamoto, and T. Joh, Chem. Lett. p. 379 (1973). 

339. J. P. Collman, L. S. Hegedus, M. P. Cooke, J. R. Norton, G. Dolcetti, and D. N. 
Marquardt,./. Am. Chem. Soc. 94, 1789(1972). 

340. G. C. Smith, T. P. Chojnacki, S. R. Dasgupta, K. Iwatate, and K. L. Watters, Inorg. 
Chem. 14, 1419(1975). 

341. W. R. Cullen, D. J. Patmore, A. J. Chapman, and A. D. Jenkins, J. Organomet. 
Chem. 102, C12 (1975). 

342. W. R. Cullen, B. R. James, A. D. Jenkins, G. Strukul, and Y. Sugi, Inorg. Nucl. 
Chem. Lett. 13, 577(1977). 

343. G. Strukul, P. D'Olimpio, M. Bonivento, F. Pinna, and M. Graziani, J. Mol. Catal. 
2. 179 (1977). 

344 L. Hines, K. F. O'Driscoll, and G. L. Rempel, J. Catal. 38, 435 (1975). 

345. S. B. Tong, K. F. O’Driscoll, and G. L. Rempel, Can. J. Chem. Eng. (1978), in press. 

346. J. Kiji, S. Kadoi, and J. Furukawa, Angew. Makromol. Chem. 46, 163 (1975). 

347. T. J. Pinnavaia and P. K. Welty, J. Am. Chem. Soc. 97, 3819 (1975). 

348. G. Strukul, M. Bonivento, M. Graziani, E. Cemia, and N. Palladino, Inorg. Chim. 
Acta 12, 15 (1975). 





400 


BRIAN R. JAMES 


349. K. Kaneda, M. Teresawa, T. lmanaka, and S. Teranishi, Chem. Lett. p. 995 (1976). 

350. B. R. James and G. Rosenberg, Coord. Chem. Rev. 16, 153 (1975). 

351. B. R. James and F. T. T. Ng, J. Chem. Soc., Dalton Trans, p. 355 (1972). 

352. C. U. Pittman, Jr., and L. R. Smith, J. Am. Chem. Soc. 97, 1749 (1975). 

353. K. Mosbach, Sci. Am. 26, 225 (1971). 

354. C. U. Pittman, Jr., B. T. Kim, and W. M. Douglas, J. Org. Chem. 40, 590 (1975). 

355. P. Legzdins, R. W. Mitchell, G. L. Rempel, J. D. Ruddick, and G. Wilkinson, J. 
Chem. Soc. p. 3322 (1970). 

356. G. Braca, G. Sbrana, C. Carlini, and F. Ciardelli, Catal., Proc. Int. Symp., 1974 p. 
307 (1975); Chem. Abstr. 84, 59713 (1976). 

357. G. Braca, G. Sbrana, and G. Pazienza, Chim. Ind. (Milan) 58, 879 (1976). 

358. G. Braca, C. Carlini, F. Ciardelli, and G. Sbrana, Proc. Int. Congr. Catal.. 6th, 1976 
p. 528 (1977). 

359. K. Kaneda, M. Terasawa, T. lmanaka, and S. Teranishi, Chem. Lett. p. 1005 (1975). 

360. A. S. Berenblyum, L. 1. Lakhman, 1.1. Moiseev, E. D. Padchenko, 1. V. Kalechits, 
and M. L. Khidekel, Izv. Akad. Nauk SSSR, Ser. Khim. p. 1283 (1975). 

361. G. Bernard, Y. Chauvin, and D. Commereuc, Bull. Soc. Chim. Fr. pp. 1163 and 1168 
(1976). 

362. B. A. Sosinsky, W. C. Kalb, R. A. Grey, V. A. Uski, and M. F. Hawthorne, J. Am. 
Chem. Soc. 99 , 6768 (1977). 

363. B. Loubinoux, J. J. Chanot, and P. Caubere, J. Organomet. Chem. 88, C4 (1975). 

364. R. J. Card and D. C. Neckers, J. Am. Chem. Soc. 99 , 7733 (1977). 

365. N. Takaishi, H. Imai, C. A. Bertelo, and J. K. Stille, J. Am. Chem. Soc. 100, 264 
(1978). 

366. I. Kolb, M. Cemy, and J. Hetflejs, React. Kinet. Catal. Lett. 7. 199(1977). 

367. T. Masuda and J. K. Stille, J. Am. Chem. Soc. 100, 268 (1978). 

368. J-C. Poulin, W. Duriant, T.-P. Dang, and H. B. Kagan, C. R. Hebd. Seances Acad. 
Sci. 277, C41 (1973). 

369. Y. Kawabata, M. Tanaka, and I. Ogata, Chem. Lett. p. 1213 (1976). 

370. M. T. Westaway and G. Walker, U.S. Patent 3,617,553 (1971). 

371. E. Bayer and V. Schurig, Angew. Chem., Int. Ed. Engl. 14, 493 (1975). 

372. L. W. Gosser, W. H. Knoth, and G. W. Parshall, J. Am. Chem. Soc. 95, 3436 (1973). 

373. Y. Dror and J. Manassen, J. Mol. Catal. 2, 219(1977). 

374. E. Dhemlow, Angew. Chem., Int. Ed. Engl. 13, 170 (1974). 

375. W. P. Weber and G. W. Gokel, “Phase Transfer Catalysis in Organic Synthesis.” 
Springer-Verlag, Berlin and New York, 1977. 

376. P. R. Rony .Ann. N. Y. Acad. Sci. 172, 238 (1970). 

377. G. W. Parshall, J. Am. Chem. Soc. 94, 8716 (1972). 

378. G. A. Somorjai, Acc. Chem. Res. 9, 248 (1976). 

379. J. C. Buchholz and G. A. Somorjai, Acc. Chem. Res. 9, 333 (1976). 

380. H. F. Schaefer, Acc. Chem. Res. 10, 287 (1977). 

381. A. J. Deeming, S. Hasso, and M. Underhill, J. Chem. Soc., Dalton Trans, p. 1614 
(1975). 

382. A. J. Deeming, S. Hasso, M. Underhill, A. J. Canty, B. F. G. Johnson, W. Jackson, 
J. Lewis, and T. W. Matheson, J. Chem. Soc., Chem. Commun. p. 807 (1974). 

383. J. B. Keister and J. R. Shapley, J. Organomet. Chem. 85, C29 (1975). 

384. A. J. Deeming and M. Underhill, J. Chem. Soc., Dalton Trans, p. 1415 (1974). 

385. M. D. Rausch, R. G. Gastinger, S. A. Gardner, R. K. Brown, and J. S. Wood, J. Am. 
Chem. Soc. 99, 7870 (1977). 

386. S. J. Okrasinski and J. R. Norton, J. Am. Chem. Soc. 99, 295 (1977). 



Hydrogenation Reactions 


401 


387. P. W. Chum and J. A. Roth, 7. Calal. 39, 198 (1975). 

388. T. H. Whitesides and R. A. Budnik. J. Chem. Soc., Chem. Commun. p. 87 (1973). 

389. J. B. Keister and J. R. Shapley, 7. Am. Chem. Soc. 98, 1056 (1976). 

390. V. W. Day, R. O. Day, J. S. Kristoff, F. J. Hirsekom, and E. L. Muetterties, 7. Am. 
Chem. Soc. 97, 2571 (1975). 

391. M. G. Thomas, W. R. Pretzer, B. F. Beier, F. J. Hirsekom, and E. L. Muetterties. 
7. Am. Chem. Soc. 99, 743 (1977). 

392. M. G. Thomas, E. L. Muetterties, R. O. Day, and V. W. Day,./. Am. Chem. Soc. 98, 
4645 (1976). 

393. V. W. Day, S. S. Abdel-Meguid, S. Dabestani, M. G. Thomas, W. R. Pretzer, and E. 
L. Muetterties, 7. Am. Chem. Soc. 98, 8289(1976). 

394. E. Band, W. R. Pretzer. M. G. Thomas and E. L. Muetterties. 7. Am. Chem. Soc. 
99, 7380 (1977). 

395. M. A. Andrews and H. D. Kaesz. 7. Am. Chem. Sue.'99. 6763 (1977). 

396. F. L Eplattenier, P. Matthys, and F. Calderazzo, Inorg. Chem. 9. 342 (1970). 

397. M. Valle. D. Osella, and G. A. Vaglio, Inorg. Chim. Acta 20. 213 (1976). 

398. P. M. Lausarot, G. A. Vaglio, and M. Valle, Inorg. Chim. Acta 25. L107 (1977). 

399. K. G. Caulton, M. G. Thomas. B. A. Sosinsky, and E. L. Muetterties, Proc. Natl. 
Acad. Sci. U.S.A. 73, 4274 (1976). 

400. D. Labroue and R. Poilblanc, J. Mol. Calal. 2, 329 (1977). 

401. H. Nowatari, K. Hirabayashi, and I. Yasumori,7. Chem. Soc.. Faraday Trans. / 72, 
2785 (1976). 

402. L. J. Guggenberger, J. Chem. Soc.. Chem. Commun. p. 512(1968). 

403. Ya A. Dorfman and L. V. Lyaschchenko, Izv. Akad. Nauk Kai. SSR. Ser. Khim. 26. 
66 and 84 (1976); Chem. Ahstr. 84. 141148 (1976); 85, 176592 (1976). 

404. V. W. Day, M. F. Fredrich, G. S. Reddy, A. J. Sivak, W. R. Pretzer, and E. L. 
Muetterties, J. Am. Chem. Soc. 99, 8091 (1977). 

405. G. C. Demitras and E. L. Muetterties. J. Am. Chem. Soc. 99. 27% (1977). 

406. B. C. Y. Hui, W. K. Teo, and G. L. Rempel, Inorg. Chem. 12. 757 (1973). 

407. A. Thorez, A. Maisonnat. and R. Poilblanc, 7. Chem. Soc.. Chem. Common, p. 518 
(1977). 

408. A. Agapiou. R. F. Jordan. L. A. Zyzyck, and J. R. Norton, 7. Organomet. Chem. 
141, C35 (1977). 

409. R. A. Grey and L. R. Anderson, Inorg. Chem. 16, 3187 (1977). 

410. C. P. Kubiak and R. Eisenberg, 7. Am. Chem. Soc. 99, 6129 (1977). 

411. M. Ichikawa. 7. Chem. Soc., Chem. Commun. p. 26 (1976). 

412. J. H. Sinfelt. Acc. Chem. Res. 10. 15 (1977). 

413. M. Ichikawa. 7. Chem. Soc.. Chem. Commun. p. 11 (1976). 

414. W. Klotzbiicher, G. A. Ozin, J. G. Norman, and H. J. Kolari, Inorg. Chem. 16. 2871 
(1977). 

415. G. A. Ozin, Calal. Rev. 16. 191 (1977); Acc. Chem. Res. 10, 21 (1977). 

416. J. D. Corbett, Prog. Inorg. Chem. 21. 129 (1976). 

417. V. G. Henrici-Olive and S. Olive, Angew. Chem.. Int. Ed. Engl. 15, 136 (1976). 

418. M. A. Vannice, Calal. Rev. 14, 153 (1976). 

419. Union Carbide, German Patent 2,262,318 (1973); Belgian Patent 815,841 (1974); U.S. 
Patents 3,878,214. 3,878,290, and 3,878,292 (1975). 

419a. R. L. Pruett, Ann. N. Y. Acad. Sci. 295, 239(1977). 

420. M. G. Thomas, B. F. Beier. and E. L. Muetterties, 7. Am. Chem. Soc. 98. 1296 
(1976). 







402 


BRIAN R. JAMES 


421. R. W. Mitchell, L. J. Pandolfi, and P. C. Maybury, J. Chem. Soc., Chem. Commun. 
p. 172 (1976). 

422. J. P. Collman and S. R. Winter, J. Am. Chem. Soc. 95, 4089 (1973). 

423. C. P. Casey and S. M. Neumann, J. Am. Chem. Soc. 98, 5395 (1976). 

424. S. R. Winter, G. W. Cornett, and E. A. Thompson, J. Organomet. Chem. 133, 339 
(1977). 

425. J. A. Gladysz, G. M. Williams, W. Tam, and D. L. Johnson, J. Organomet. Chem. 
140, Cl (1977). 

426. J. C. Huffman, J. G. Stone, W. C. Krusell, and K. G. Caulton, J. Am. Chem. Soc. 
99, 5829(1977). 

427. G. Fachinetti, C. Floriani, F. Marchetti, and S. Merlino, J. Chem. Soc.. Chem. 
Commun. p. 522 (1976). 

428. J. M. Manriquez, D. R. McAlister, R. D. Sanner, and J. E. Bercaw, J. Am. Chem. 
Soc. 98, 6733 (1976). 

429. J. E. Bercaw, Adv. Chem. Set. 167, 136(1978). 

430. L. I. Shoer and J. Schwartz, J. Am. Chem. Soc. 99, 5831 (1977). 

431. R. R. Schrock, J. Am. Chem. Soc. 97, 6577 (1975). 

432. L. J. Guggenberger, J. Am. Chem. Soc. 97, 6578 (1975). 

433. M. L. H. Green, in “Homogeneous Catalysis” (M.Tsutsui and Y. Ishii,eds.). Plenum, 
New York, 1978, in press. 

434. T. J. Collins and W. R. Roper, J. Chem. Soc.. Chem. Commun. p. 1044 (1976). 

435. W. R. Roper and K. G. Town, J. Chem. Soc., Chem. Commun. p. 781 (1977). 

436. R. M. Laine, R. G. Rinker, and P. C. Ford, J. Am. Chem. Soc. 99, 252 (1977). 

437. H. Kang, C. H. Mauldin, T. Cole, W. Slegeir, K. Cann, and R. Pettit, J. Am. Chem. 
Soc. 99, 8323 (1977). 

438. C. H. Cheng, D. E. Hendriksen, and R. Eisenberg, J. Am. Chem. Soc. 99, 2791 
(1977). 

439. E. L. Muetterties and F. J. Hirsekom, J. Am. Chem. Soc. 96, 4063 (1974). 

440. F. J. Hirsekom, M. C. Rakowski and E. L. Muetterties, J. Am. Chem. Soc. 97, 237 
(1975). 

441. E. L. Muetterties, M. C. Rakowski, F. J. Hirsekom, W. D. Larsen, V. J. Basus, and 
F. A. L. Anet, J. Am. Chem. Soc. 97, 1266 (1975). 

442. M. C. Rakowski, F. J. Hirsekom, L. S. Stuhl, and E. L. Muetterties, Inorg. Chem. 
15, 2379 (1976). 

443. L. S. Stuhl, M. Rakowski Dubois, F. J. Hirsekom, J. R. Blecke, A. E. Stevens, and 
E. L. Muetterties, J. Am. Chem. Soc. 100, 2405 (1978). 

444. J. W. Johnston and E. L. Muetterties, J. Am. Chem. Soc. 99, 7395 (1977). 

445. K. J. Klabunde, in "Homogeneous Catalysis" (M. Tsutsui and Y. Ishii, eds.). Plen¬ 
um, New York, 1978, in press: Ann. N. T. Acad. Sci. 295, 83 (1977). 

446. M. J. Russell, C. White, and P. M. Maitlis, J. Chem. Soc., Chem. Commun. p. 427 
(1977). 

447. I. P. Patnaik and S. Sarkar, Tetrahedron Lett. p. 2531 (1977). 

448. M. S. Wrighton, D. S. Ginley, M. A. Schroeder, and D. L. Morse, Pure Appl. Chem. 
41, 671 (1975). 

449. M. A. Schroeder and M. S. Wrighton, J. Am. Chem. Soc. 98, 551 (1976). 

450. G. L. Geoffroy, G. S. Hammond, and H. B. Gray, J. Am. Chem. Soc. 97, 3933 (1975). 

451. G. L. Geoffroy and R. Pierantozzi, J. Am. Chem. Soc. 98, 8054 (1976). 

452. G. L. Geoffroy and M. G. Bradley, Inorg. Chem. 16, 744 (1977). 

453. L. Farrugia and M. L. H. Green, J. Chem. Soc., Chem. Commun. p. 416 (1975). 



Hydrogenation Reactions 


403 


454. J. Nasielski, P. Kirsch, and L. Wilputte-Steinert, ./. Organomet. Chem. 27. C13 
(1971). 

455. M. S. Wrighton and M. A. Schroeder, J. Am. Chem. Soc. 95, 5764 (1973). 

456. M. A. Schroeder and M. S. Wrighton, J. Organomet. Chem. 74, C29 (1974). 

457. G. Platbrood and L. Wilputte-Steinert, J. Organomet. Chem. 70, 393, 407 (1974). 

458. 1. Fischler, M. Budzwait, and E. A. Koerner von Gustorf,./ Organomet. Chem. 105, 
325 (1976). 

459. G. Platbrood and L. Wilputte-Steinert, Tetrahedron Lett. p. 2507 (1974). 

460. G. L. Geoffrey and M. G. Bradley. J. Chem. Soc.. Chem. Commun. p. 20 (1976). 

461. E. Koerner von Gustorf, I. Fischler, J. Leitich, and H. Dreeskamp, Angew. Chem.. 
lnt. Ed. Engl. 11, 1088(1972). 

462. W. Strohmeier and G. Csontos, J. Organomet. Chem. 72, 277 (1974). 

463. W. Strohemier, J. Organomet. Chem. 94, 273 (1975); Chem. Tech. (Heidelberg) 4, 

433 (1975). 

464. W. Strohmeier and L. Weigelt,./. Organomet. Chem. 125, C40 (1977); 133. C43 (1977). 

465. W. Strohmeier and L. Weigelt, 7. Organomet. Chem. 82, 417 (1974). 

466. W. Strohmeier and H. Steigerwald, J. Organomet. Chem. 125. C37 (1977). 

467. W. Strohmeier and K. Grunter, J. Organomet. Chem. 90, C48 (1975). 

468. W, Strohmeier and G. Csontos, J. Organomet. Chem. 67, C27 (1974). 

469. W. Strohmeier and E. Hitzel, J. Organomet. Chem. 87, 353 (1975). 

470. W. H. Orme-Johnson, Anna. Rev. Biochem. 42, 159(1973). 

471. L. E. Mortenson and J.-S. Chen, in “Microbial Iron Metabolism" (J. B. Neilands, 
ed.), Chapter 11. Academic Press, New York, 1974. 

472. P. H. Gitlitz and A. 1. Krasna, Biochemistry 14, 2561 (1975). 

473. R. H. Holm, in “Biological Aspects of Inorganic Chemistry" (A. W. Addison, et al., 
eds.). Chapter 3. Wiley, New York. 1977. 

474. J.-S. Chen and L. E. Mortenson. Biochim. Biophys. Acta 371, 283 (1974). 

475. D. L. Erbes, R. H. Burris, and W. H. Orme-Johnson, Proc. Natl. Acad. Sci. U.S.A. 
72.4795 (1975). 

476. T. Kakuno, N. O. Kaplan, and M. D. Kamen, Proc. Natl. Acad. Sci. U.S.A. 74, 861 
(1977). 

477. T. Yagi, K. Kimura, H. Daidaji, F. Sakai. S. Tamura, and H. Inokuchi.7. Biochem. 
(Tokyo) 79, 661 (1976). 

478. L. Que, R. H. Holm, and L. E. Mortenson, 7. Am. Chem. Soc. 97, 463 (1975). 

479. W. O. Gillum. L. E. Mortenson, J.-S. Chen, and R. H. Holm.,/. Am. Chem. Soc. 99. 
584 (1977). 

480. R. W. Lane, A. G. Wedd. W. O. Gillum, E. J. Laskowski, R. H. Holm, R. B. Frankel, 
and G. C. Papaefthymiou, J. Am. Chem. Soc. 99, 2350(1977). 

481. R. H. Holm, Acc. Chem. Res. 10,427(1977). 

482. R. H. Holm. Endeavour 34, 38 (1975); R. H. Holm and J. A. lbers in “Iron-Sulfur 
Proteins" (W. Lovenberg. ed.), Vol. 3, Chapter 7. Academic Press. New York, 1977. 

483. T. Yagi, M. Tsuda, and H. Inokuchi.7. Biochem. (Tokyop3. 1069 (1973). 

484. J. R. Benemann, J. A. Berenson, N. O. Kaplan, and M. D. Kamen, Proc. Natl. Acad. 
Sci. U.S.A. 70, 2317 (1973). 

485. T. Yagi, Proc. Natl. Acad. Sci. U.S.A. 73, 2947 (1976). 

486. J. A. Berenson and J. R. Benemann, FEBS. Lett. 76, 105 (1977). 

487. D. A. Lappi, F. E. Stolzenback. N. O. Kaplan, and M. D. Kamen, Biochem. Biophys. 
Res. Commun. 69. 878 (1976). 

488. R. O. D. Dixon, Nature (London) 262, 173 (1976). 




404 


BRIAN R. JAMES 


489. L. A. Smith, S. Hill, and M. G. Yates, Nature (London) 262, 209 (1976). 

490. K. J. Skinner, Chem. & Eng. News 54, (41) 22 (1976). 

491. T. Nishiguchi and K. Fukuzumi, J. Am. Chem. Soc. 96, 1893 (1974). 

492. T. Nishiguchi, K. Tachi, and K. Fukuzumi, J. Org. Chem. 40, 237 and 240 (1975). 

493. C. Masters, A. A. Kiffen, and J. P. Visser, J. Am. Chem. Soc. 98, 1357 (1976). 

494. H. Imai, T. Nishiguchi, and K. Fukuzumi, J. Org. Chem. 39, 1622 (1974). 

495. Y. Sasson, P. Albin, and J. Blum, Tetrahedron Lett. p. 833 (1974). 

496. Y. Sasson and J. Blum, J. Org. Chem. 40, 1887 (1975). 

497. G. Descotes and D. Sinou, Tetrahedron Lett. p. 4083 (1976). 

498. H. Imai, T. Nishiguchi, and K. Fukuzumi, Chem. Lett. p. 807 (1975). 

499. H. Imai, T. Nishiguchi, M. Kobayashi, and K. Fukuzumi, Bull. Chem. Soc. Jpn. 48, 
1585 (1975). 

500. H. Imai, T. Nishiguchi, and K. Fukuzumi, J. Org. Chem. 41, 665 and 2688 (1976). 

501. G. Briegen and T. J. Nestrick, Chem. Rev. 74, 567 (1974). 

502. I. S. Kolomnikov, V. P. Kukolev, and M. E. Volpin, Russ. Chem. Rev. (Engl. Transl). 
43, 399 (1974). 

503. K. Ohkubo, T. Aoji, K. Hirata, and K. Yoshinaga, Inorg. Nucl. Chem. Lett. 12, 837 
(1976). 

504. K. Ohkubo, K. Hirati, K. Yoshinaga, and M. Okada, Chem. Lett. 183, 577 (1976). 

505. K. Ohkubo, T. Shoji, I. Terada, and K. Yoshinaga, Inorg. Nucl. Chem. Lett. 13, 443 
(1977). 

506. K. Ohkubo, T. Ohgushi, and K. Yoshinaga. Chem. Lett. p. 775 (1976). 

507. Y. M. Y. Haddad, H. B. Henbest, and J. Trocha-Grimshaw, J. Chem. Soc., Perkin 
Trans. I p. 592 (1974). 

508. Y. M. Y. Haddad, H. B. Henbest, J. Husbands, T. R. B. Mitchell, and J. Trocha- 
Grimshaw, J. Chem. Soc.. Perkin Trans. / p. 5% (1974). 

509. T. Tatsumi, K. Kizawa, and H. Tominaga, Chem. Lett. p. 191 (1977). 

510. H. Imai, T. Nishiguchi, and K. Fukuzumi, Chem. Lett. p. 655 (1976). 

511. E. N. Yurchenko and N. P. Anikeenko, React. Kinet. Catal. Lett. 2, 65 (1975). 

512. A. Dobson and S. D. Robinson, Inorg. Chem. 16, 137 (1977). 

513. T. B. Rauchfuss, J. L. Clements, S. F. Agnew, and D. M. Roundhill, Inorg. Chem. 
16, 775 (1977). 

514. T. Rauchfuss and D. M. Roundhill, J. Organomet. Chem. 59, C30 (1973). 

515. T. Rauchfuss and D. M. Roundhill, J. Am. Chem. Soc. 96, 3098 (1974). 

516. F. Pruchnik, M. Zuber, and S. Krzysztofik, Rocz. Chem. 51, 1177 (1977). 

517. G. Zassinovich, G. Mestroni, and A. Camus, J. Mol. Catal. 2, 63 (1977 );Inorg. Nucl. 
Chem. Lett. 12, 865 (1976). 

518. G. Mestroni, G. Zassinovich, and A. Camus, J. Organomet. Chem. 140, 63 (1977). 

519. F. Pruchnik, Inorg. Nucl. Chem. Lett. 9, 1229(1973). 

520. F. Pruchnik, Inorg. Nucl. Chem. Lett. 10, 661 (1974). 

521. D. A. Clement, J. F. Nixon, and J. S. Poland, J. Organomet. Chem. 76, 117 (1974). 

522. J. F. Nixon and B. Wilkins, J. Organomet. Chem. 80, 129 (1974). 

523. J. F. Nixon and J. R. Swain, J. Organomet. Chem. 72, C15 (1974). 

524. M. A. Cairns and J. F. Nixon, J. Organomet. Chem. 74, 263 (1974). 

525. M. Gargano, P. Giannoccaro, and M. Rossi, Inorg. Chim. Acta 7, 409 (1973); J. 
Organomet. Chem. 84, 389(1975). 

526. M. Gargano, P. Giannoccaro, and M. Rossi, J. Organomet. Chem. 129, 239 (1977). 

527. T. E. Paxson and M. F. Hawthorne, J. Am. Chem. Soc. 96, 4674 (1974). 

528. E. L. Hoel and M. F. Hawthorne, J. Am. Chem. Soc. 96, 4676 (1974). 

529. E. L. Hoel and M. F. Hawthorne, J. Am. Chem. Soc. 97, 6388 (1975). 




Hydrogenation Reactions 


405 


530. E. L. Hoel. M. Talebinasab-Savari. and M. F. Hawthorne. 7. Am. Chem. Soc. 99. 
4356 (1977). 

531. M. Bottrill and M. Green, 7. Organomet. Chem. Ill, C6G976). 

532. M. C. Rakowski and E. L. Muetterties, 7. Am. Chem. Soc. 99. 739(1977). 

533. G. Sbrana, G. Braca, and E. Benedetti,7. Chem. Soc., Dalton Trans. I p. 754 (1975). 

534. E. L. Muetterties. Chem. & Eng. News 55 (37), 59(1977). 

535. V. A. Avilov, E. G. Chepaikin, and M. L. Khidekel, hv. Akad. Naak SSSR. Ser. 
Khim. p. 2559 (1974); Chem. Ahsrr. 82, 105808 (1975). 

5.36. S. Tyrlik. 7. Organomet. Chem. 50. C46U 973). 

537. V. D. Bianco, S. Doronzo, and M. Aresta, 7. Organomet. Chem. 42. C63 (1972). 

538. A. G. Hinze and D. J. Frost, 7. Catal. 24, 540(1972). 

539. W. Strohmeier and H. Steigerwald. Z. Naturforsch., Teil B 30. 468, 643. and 816 
(1975); 31, 1149(1976). 

540. W. Strohmeier and H. Steigerwald, Z. Naturforsch.. Teil B 32, 111 (1977). 

541. J. F. Knifton, 7. Catal. 33, 289(1974). 

542. V. G. Henrici-Olive and S. Olive, Angew. Chem.. Int. Ed. Engl. 13. 549(1974). 

543. S. Krogsrud. L. Toniolo, U. Croatto, and J. A. lbers, 7. Am. Chem. Soc. 99. 5277 
(1977). 

544. L. Toniolo. J. A. McGinnety, T. Boschi. and G. Deganello, Inorg. Chim. Acta 11, 
143 (1974). 

545. M. Keubler, R. Ugo. S. Cenini, and F. Conti,7. Chem. Soc.. Dalton Trans, p. 1081 
(1975). 

546. K. R. L.aing, S. D. Robinson, and M. F. Uttley,7. Chem. Soc.. Dalton Trans, p. 2713 
(1973). 

547. L. Toniolo, Inorg. Chim. Acta 6. 660 (1972). 

548. S. Cenini. R. Ugo, and G. La Monica. 7. Chem. Soc. A p. 3441 (1971). 



This Page Intentionally Left Blank 



ADVANCES IN ORGANOMETALLIC i 


Homogeneous Catalysis of 
Hydrosilation by Transition Metals 

JOHN L. SPEIER 

Dow Corning Corporation 
Midland, Michigan 


I. Introduction.407 

II. Chloroplatinic Acid as a Homogeneous Catalyst.409 

A. The Induction Period.409 

B. The Catalytic Species.411 

C. Ring Closure by Hydrosilation.416 

D. Side Reactions of Catalytic Species.419 

E. Asymmetric Hydrosilations with Chiral Platinum Complexes . 427 

III. Homogeneous Catalysis with Metals Other than Platinum .... 428 

IV. Effects of the Structure of the Silane.434 

V. Studies with Conjugated Dienes.441 

VI. Hydrosilation of Acetylenes.443 

References.445 


I 

INTRODUCTION 

The term hydrosilation can be used to describe an addition reaction in 
which compounds with one or more Si— H bonds add to any reagent. 
This review will describe marvelously numerous ways in which soluble 
complexes of transition metals act as catalysts for the hydrosilation of 
organic compounds, especially substituted and unsubstituted unsaturated 
hydrocarbons. 

The simplest example might be the addition of trichlorosilane to eth¬ 
ylene: 

Cl 3 SiH + CH*=CH 2 —► Cl 3 SiCH 2 CH 3 (1) 

When great care is taken to use pure reagents, 10 -7 mole of chloroplatinic 
acid per mole of product causes this addition to occur rapidly near room 
temperature and to go to completion to give analytically pure ethyltri- 
chlorosilane (100% yield based on trichlorosilane). 

The addition is exothermic. Unfortunately, no experimental heats of 
hydrosilation have been published. For ethylene, the enthalpy of hydro¬ 
genation is -AH = 32.82 kcal/mole (/). The enthalpy of hydrosilation is 
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estimated as - AH ~ 38 kcal/mole (2). The enthalpy of hydrosilation for 
an olefin is likely to be about 5 kcal/mole greater than its heat of hydro¬ 
genation. The values are likely to vary with the structure of silanes as 
well as with the structure of the olefin, and someone ought to measure 
them. The enthalpies could be most useful to estimate Si—H bond values 
in many kinds of substituted silanes. 

The first published examples of hydrosilation, which appeared about 
30 years ago, noted that they were observed to proceed by free-radical 
mechanisms initiated thermally (about 300°C) (J), by acyl peroxides (4), 
by azonitriles (5), by ultraviolet light (6), or by y radiation (7). The first 
hint that catalysts known to be effective for hydrogenation might also be 
effective for hydrosilation was found in a French patent ( 8 ) (1949) which 
stated that catalysts may be chosen from compounds and salts of the 
elements of Groups IIA, IVA, IB, and IIB of the periodic table and 
metals of Group VIII and certain of their salts. No example to demon¬ 
strate this was included in the patent. 

The first explicit information appeared in 1953 in two U.S. patents (9) 
which showed that platinum black as well as platinized asbestos or silica 
were effective for addition of trichlorosilane to olefins. Platinum on char¬ 
coal was unusually active with trichlorosilane and acetylene, ethylene, 
butadiene, vinyl chloride, or vinylidene fluoride. Temperatures as low as 
130°C were sometimes employed. 

In 1957 (2) platinic, ruthenium, and iridium chlorides were shown to 
be catalysts leading to very rapid additions, sometimes below room tem¬ 
perature, of many kinds of SiH compounds. These findings initiated much 
activity, chiefly in industrial research laboratories, in several countries, 
because they indicated that the manufacture of new organosilicon mon¬ 
omers and many new silicone polymers and copolymers would become 
commercially practicable for the first time. 

A thorough bibliography of hydrosilation up to 1965 was compiled in 
the Soviet Union by Lukevits and Voronkov (10). This work tabulates 
2283 examples of the use of chloroplatinic acid, which they refer to as 
“Speier’s catalyst,” and 1554 examples describing mostly supported solid 
platinum catalysts but also describing PdCl 2 , IrCl 3 , Fe(CO) 5 , K 2 PtCl 4 , 
RuC 1 3 , colloidal Fe, NiCl 2 , and Pd, Ru, and Rh on supports. 

Although many catalysts have now been found, some with special 
utility for certain reagents, most research is still devoted to the use of 
platinum and platinum compounds. No other catalysts have the wide 
utility and industrial efficiency of platinum. Special uses for platinum and 
other transition metals are disclosed in numerous patents. A competent 
review of these is beyond the scope of this chaptei. 

We will describe the effects of structure on reactivity during hydrosi- 
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lation in homogeneous solutions of platinum catalysts, and point out 
similarities and differences that have been observed with other catalysts. 
References only sufficient to document the data are chosen from journal 
articles, when possible. Earlier references can be found in the bibliog¬ 
raphies of the articles that are cited. References to patents are given only 
when no journal articles dealing with the subject could be found. Refer¬ 
ences to unpublished work from our laboratory are used as a last resort. 

A consistently useful theory for a mechanism for homogeneous catal¬ 
ysis of hydrosilation has been expounded by Chalk and Harrod (I I-I Id). 
This theory is accepted, adapted, and relied on to give a qualitatively 
rational explanation for numerous data in the following discussions. 


II 

CHLOROPLATINIC ACID AS A HOMOGENEOUS CATALYST 

A. The Induction Period 

Commonly, when chloroplatinic acid is the source of the catalyst for 
hydrosilation and sometimes when salts of other metals are used, no 
effect is observed for some time after it has been added to a mixture of 
reagents. Then, rather suddenly a rapid reaction can ensue. This “induc¬ 
tion period” can in some cases last for a relatively long time, even hours. 
An unpredictable induction period, followed by a very fast exothermic 
reaction, leads to difficult, sometimes dangerous situations when large 
amounts of reagents are employed. 

Nothing has been found in the published literature about what takes 
place during the induction period. We believe that an active catalytic 
species is formed during this period, and that its formation requires 
reduction of chloroplatinic acid, or of whatever transition metal salt or 
complex one uses. 

Our experiences with chlorosilanes {12) indicate some of the processes 
that take place during an induction period. The experiences are synop- 
sized as though they were obtained in one experiment. The results are in 
general accord with those described by Benkeser et al. {13), who studied 
the hydrosilation of styrene in ethylbenzene. 

A very strong solution of chloroplatinic acid (about 50% in isopropanol) 
was stirred with an olefin to make a mixture containing the extremely 
high concentration of about 0.01 g-atom of Pt/mole of olefin. This is more 
than 100 times the amount one would use for hydrosilation. At room 
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temperature, MeCl 2 SiH was added in small increments. The first incre¬ 
ments of MeCl 2 SiH slowly produced slightly less than an equimolar 
amount of alkane and oxidized derivatives of MeCl 2 SiH, chiefly MeSiCl 3 , 
(MeCl 2 Si) 2 0, and MeCl 2 SiOiPr, with minor amounts of other volatile 
siloxanes which were not identified. 

If one were able to carry the reactions to completion with a large 
excess of olefin, chloroplatinic acid, and the chlorosilane, the reactions 
might be described by Eq. (2). 

H 2 PtCI 6 -6H 2 0 • 1 Oi-PrOH + 28MeCI 2 SiH + 24C 6 H 12 -> Pt(0) + 6MeSiCI 3 (2) 

+ 6[MeCl 2 Si] 2 0 + 10MeCl 2 SiOi-Pr + 24C 6 H 14 + 2H 2 f 

Protons originating from water and i-PrOH with H from MeCl 2 SiH make 
alkanes in the quantity that was detected. 

Experiments of this kind cannot prove that H 2 PtCl 6 was reduced. 
H 2 PtCl 6 could have acted as a catalyst for several alternate reactions, 
such as: 

2 sSiCl + H 2 0 (=Si) 2 0 + 2HC1 (3) 

2MeCl 2 SiH + 2HCL -» 2MeSiCl 3 + 2H 2 (4) 

2H 2 + 2C 6 H 12 —-U. 2C 6 H h (5) 

In hexane the suggested equation might be: 

H 2 PtCl 6 -6H 2 0 • lOi-PrOH + 28MeCl 2 SiH —p t(0) J, (6) 

+ 6MeSiCl 3 + 6[MeCl 2 Si] 2 0 + 10MeCl 2 SiOi-Pr + 24H 2 1 

The amount of Pt(0) required by Eq. (6) precipitated from hexane after 
several days. All the MeCl 2 SiH was consumed, and products shown in 
Eq. (6) were the principal ones. Hydrogen chloride was carried from the 
system with hydrogen, so a complete material balance was not achieved. 
The siloxanes contained units such as MeHClSiOi /2 . However, Eq. (6) 
approximately described the reduction of chloroplatinic acid by 
MeCl 2 SiH. 

Experiments of this type in any olefin, even one such as cyclohexene 
which is exceedingly difficult to hydrosilate, produced optically clear 
solutions with no detectable precipitation of Pt(0). Such solutions are 
usually yellow and stable indefinitely at room temperature. If they are 
warmed to about 80°-100°C they darken, turn brown, and become col¬ 
loidal dispersions of Pt(0). Platinum in the brown dispersions precipitates 
as a fine powder, sometimes in a few days at room temperature, some¬ 
times in a few weeks. Catalytic activity was obviously reduced or com¬ 
pletely lost by such solutions after they turned brown. A clear solution 
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in any olefin added to a solution of an Si—H compound in an olefin 
caused hydrosilation with no induction period. From this we conclude 
that clear solutions contain soluble platinum species, stabilized and sol¬ 
ubilized by an olefin. To form this species the platinum was reduced to 
a state no higher than 2+, and very probably to the zero-valent state. 
Every effort to prove the structure of the soluble complex was frustrated. 

The reactions of Eq. (2) could not be carried to completion in a reactive 
olefin such as 1-hexene. After several increments of MeCl 2 SiH had been 
added to the mixture, succeeding increments were mostly consumed to 
form /;-C 6 H 13 MeSiCl 2 . When this product appeared in the solution, gas- 
liquid chromatography (GLC) showed that hexene in the solution was no 
longer only 1-hexene but a mixture of isomers which contained mostly 
2- and-3-hexene, in both cis and trans conformations. 

Harrod and Chalk (lid) observed that dichlorobisethylene-/A,)a'-dichlo- 
roplatinum(II) isomerized 1-hexene in the presence of nucleophilic mu¬ 
tual solvents. Similar isomerizations were observed with all complexes 
of Pt(II), Pd(II), Rh(III), and Ir(lII). No isomerization was observed with 
chloro and carboxylate complexes of Fe(III), Co(II), Ni(II), and Ru(III). 

Chalk and Harrod (Ila) compared the above ethylene Pt(II) complex 
with chloroplatinic acid for hydrosilation, and found that each gave es¬ 
sentially the same results in terms of rate, yields, and products. Plati- 
num(II) complexes and rhodium(I) complexes were very much alike in 
their behavior. No system was found in which a palladium olefin complex 
brought about hydrosilation. In most systems the palladium complex was 
very rapidly reduced to the metal. 

With excess 1-hexene at reflux under nitrogen with 10 -6 M Pt(II), 
(MeO) 3 SiH and (EtO) 3 SiH added rapidly to completion without isomeri¬ 
zation of 1-hexene. With Cl 3 SiH, EtCl 2 SiH, and PhCl 2 SiH, hydrosilation 
proceeded less rapidly but went to completion with concurrent isomeri¬ 
zation of excess olefin. With Et 3 SiH, (PhCH 2 ) 3 SiH, or Ph 3 SiH, hydrosi¬ 
lation proceeded rapidly at first with isomerization of olefin, but the rates 
soon fell to zero and gave less than 20% of addition products. The 
mixtures turned brown from the moment the silane contacted the catalyst. 
This last class of silanes gave high yields of products if the mixtures were 
not permitted to rise above room temperature (Ila). 


B. The Catalytic Species 

No direct proof exists for the structure of the species which are the 
catalysts during hydrosilation. A compelling amount of data is ration- 
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alized, at least qualitatively, if one accepts as a working hypothesis that 
the species is a soluble complex which contains at least one metal atom, 
M, complexed with at least one stabilizing olefin ligand, and substituted 
by a —Si= <_> group and H _ ; thus, olefin-MH(—Si=). 

A recent review in Advances in Organomelallic Chemistry (14) de¬ 
scribed the synthesis and reactions of a great many stable complexes of 
transition metals that contain Si—M bonds, in which M is Ti, Zr, Hf, Cr, 
Mo, W, Mn, Re, Fe, Ru, Co, Ir, Ni, or Pt. Some of these are hydrides, 
Si—M—H, and nearly all contain 7r-acceptor ligands to stabilize them. 

The mechanism of hydrosilation can be rationalized as described by 
Chalk and Harrod (11-1 Id). In this view, all the chemical changes take 
place within the coordination sphere of a transition metal. Other reactions 
of unsaturated molecules are explained in much the same way. Hydro¬ 
genation, the oxo-process, and the Ziegler process are important exam¬ 
ples. 

With a platinum compound as the source of the catalyst, the process 
can be viewed as beginning by oxidative addition of SiH to a low-valence 
form of Pt stabilized by olefin: 

OlefinPt(n) + =SiH — Olefin-Pt(« + 2)H(—Si=) (7) 

If n = 2, one set of ligands can be accommodated. If n = 0, two sets 
lead to (olefin) 2 -PtH 2 (—Si=) 2 . Both cases have Pt(IV) in the catalytic 
species. Perhaps this is not a necessary condition for catalysis, but it 
seems likely as the condition that leads to very high rates of reaction at 
low temperatures. 

Kumada and co-workers (15) used a Pt(0) complex as a catalyst. 1- 
Hexene and methyldichlorosilane gave «-C 6 H 13 MeSiCl 2 quantitatively 
with bistriphenylphosphineethyleneplatinum(0) as a catalyst. 

The Pt(0) catalyst did not cause hydrosilation of internal olefins such 
as 2-hexene or cyclohexene, but it was effective with conjugated diole- 
fins. With isoprene, even in excess, it produced considerable amounts of 
diadduct as well as 1,2-monoadduct. (This is anomalous, as will be dis¬ 
cussed later in this review.) The principal products are shown in Eq. (8): 

CH 2 = CMeCH=CH 2 + MeCl 2 SiH-——► 

CH 2 = CMeCH 2 CH 2 SiMeCl 2 + MeCl 2 SiCH 2 CHMeCH 2 CH 2 SiMeCl 2 (8) 

Stone and co-workers (16) recently announced that they had isolated 
and characterized a novel class of crystalline platinum(II) complexes 
prepared at room temperature by oxidative addition of hydrogen or of 
R 3 SiH (R 3 = Me 2 Et, Me z CH z Ph, Cl 3 , or Et 3 ) to (cyclo-C 6 H„ ) 3 P-Pt (C 2 H 4 ) 2 . 
All these complexes were found to be excellent catalysts for hydrosilation 
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of 1-hexene, 1,5-hexadiene, styrene, 4-vinyl-1-cyclohexene, norbornene, 
allyl chloride, and phenylacetylene at 20°C at concentrations of 10 -4 -10 -6 
mole/mole of silane. The structure and yields of products looked remark¬ 
ably as though chloroplatinic acid had been the source of the catalyst. 
However, under their mild conditions, hydrosilation of internal alkenes 
did not take place, nor did alkene-1 structures isomerize. 


Although no exact structures of the hypothetical catalytic species have 
been isolated, Eaborn (77) has synthesized some compounds with many 
of the structural features; unfortunately, he did not examine them as 
catalysts for hydrosilation. A stable Pt(H) complex was isolated for study 
as follows: 


(Ph 3 P) a -CH a =CH a -Pt + (HMeSi) a O-^-^- cis -Pt(PPh a ) a H(SiMe a OSiMe a H) + CH a =CH a 1 
|75°C 
,SiMe a 

(Ph 3 P) a pT \> + H,t 

SiMe a 

( 10 ) 

Reiksfel'd and his colleagues (18-18e) started with dinuclear platinum- 
styrene complexes, (XC 6 H 4 CH=CH 2 PtCl 2 ) 2 , as the source of the catalyst 
for hydrosilation of styrene. They also studied the effect of electron- 
donor solvents on the reaction (18c, d). Nearly identical rates of reaction 
were obtained when X was H, CH 3 0, CH 3 , Cl, or N0 2 , with very short 
or no detectable induction periods at 20°C. In the absence of solvent 
the complexes K[Me 2 SO-PtCI 3 ], cis-[ CH^H.-Me^OPtCy, and cis- 
[Pt 2 CH 2 =CHCH=:CH 2 -(Me 2 SO) 2 Cl 4 ] gave very long induction 
periods and incomplete reaction. Complexes of the general form [ole- 
fin-Pt(NH 3 ) 2 Cl]N0 3 , with ethylene, propylene, or styrene, p-methoxy, 
or p-chlorostyrene as the olefins caused hydrosilation of styrene to pro¬ 
ceed very slowly and in no case to a conversion exceeding 15% at 20°C. 

In the presence of electron-donor solvents or organic bases, hydrosi¬ 
lation of styrene did not occur. An amount of pyridine, quinoline, or 
triphenylphosphine equivalent to [C 6 H 5 CH=CHPtCl 2 ] 2 in solutions at 
20°C gave a long induction period followed by hydrosilation at rates much 
slower than those that had been observed in absence of the bases. So- 
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lutions of [C 6 H 5 CH=CH 2 PtCl 2 ] 2 + 2Me 2 SO, K[Me 2 SO-PtCl 3 ], 
CH 2 =CH 2 Pt-Me 2 SOCl 2 , [CH 2 =CHPt 2 (Me 2 SO) 2 Cl 4 ] gave rise to the 
same type of kinetics but with longer induction periods and slower rates 
of hydrosilation. In Me 2 SO no hydrosilation occurred. 

These experiments show that electron-donating ligands, L:, which can 
displace olefins from ir-bonded complexes with metals, prolong induction 
periods and sometimes completely stop hydrosilation. Most likely they 
form L:M complexes, where L: is pyridine, a phosphine, Me 2 SO, or any 
good electron-donating ligand. If L: is a substance that entirely displaces 
an olefin from the platinum, it is a poison preventing hydrosilation. If L: 
displaces only some of the olefin in a reversible equilibrium, such as L: M 
+ olefin ^ olefin-M + L:, its effect is to retard hydrosilation by reducing 
the effective concentration of catalytic species. 

Solvents, PhCH 2 CH 2 EtSiCl 2 , PhMeSiCl 2 , benzene, toluene, hexane, 
excess styrene, or excess MeCl 2 SiH, had little or no influence on the rate 
of hydrosilation of styrene with MeCl 2 SiH. In these solvents, kinetics of 
hydrosilation were first-order in catalyst and zero-order for reagents, 
even when one of the reagents was in great excess over the other (18). 

At 20°C, an induction period was observed in hexane. At 5°C an 
induction period of about 2 hours was seen in hexane, toluene, and 
styrene. This suggests that the Pt(II) complex [C 6 H 5 CH=CH 2 PtCl 2 ] 2 
became catalytic after conversion to C 6 H 5 CH=CH 2 PtH(—Si=). This 
conversion was not instantaneous; thus an induction period was noted, 
influenced by temperature and by solvents. The kinetic rate constant for 
formation of the phenylethylsilane was temperature dependent but nearly 
free of solvent effects. 

To obtain reproducible kinetic data, Reiksfel’d had to add styrene to 
a solution of [PhCH=CH 2 PtCl 2 ] 2 before MeCl 2 SiH was added. When the 
silane was added first and styrene was withheld for about 10 minutes, 
the rate of hydrosilation was noticeably retarded. 

This writer’s explanation for these results is that reduction of (Ph- 
CH=CH 2 PtCl 2 ) 2 in the absence of sufficient olefin to stabilize the prod¬ 
uct permitted Pt(0) to form. After this formed, subsequent addition of 
styrene did not form soluble active catalytic species. As a result, 
MeCl 2 SiH in the absence of styrene destroyed much of the catalytic 
activity of the solutions in 10 minutes. 

Experiments with a PtCl 6 2- cationic resin recently gave data very much 
like that from homogeneous catalysts. Reiksfel’d (18e) studied the kinet¬ 
ics of addition of RMe 2 SiH (R = CeH 5 , C 6 H n , p-MeC 6 H 4 , andp-ClC 6 H 4 ) 
to 1-heptene in 1/1 mole ratio with an anion-exchange resin that contained 
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PtCl 6 2 as the counterion. The mixed (1/1) reagents were stirred in a 
thermostat at 90°C for 30 minutes before catalyst was added. Samples 
were removed frequently for analyses. Hydrosilation was obviously a 
multistage process. The last stage was first-order in catalyst and zero- 
order in other reagents as was found for homogeneous catalysts, but in 
this case the catalyst was increased in activity by adding the silane before 
the olefin. In the first stage the kinetics were not zero order in the other 
reagents. 

Korolova and Reiksfel’d (18a) also studied the kinetics of addition of 
RSiH 3 (R = ClCeH^CeHs.QHn.QH^and i-C 5 H u ),to 1-hexene, 3,3- 
dimethyl-1-butene, and a-methylstyrene at 120°, 150°, and 180°C, and to 
C1C 6 H 4 CH=CH 2 , C 6 H 5 CH=CH 2 , and CH 3 C 6 H 4 CH=CH 2 at 60°, 70°, 
and 80°C, usually with 5 x 10“ 3 mole of H 2 PtCl 6 -6H 2 0 in tetrahydrofuran 
per mole of silane. The effect of the catalyst was proportional to the 
amount used at 180°C. The form of the relationship was not determined, 
but it was felt that the catalyst was an active participant in the process. 
With RSiH 3 hydrosilation might proceed by a series of three consecutive 
steps: RSiH 3 ——* RR'SiH 2 —» RR 2 'SiH ——* RR 3 'Si. In every 
case A, > k 2 . With CeH 5 SiH 3 and 1-hexene or 3,3-dimethyl-l-butene, 
addition proceeded through the three steps. All other examples went no 
further than two steps. Hydrogenation of the olefins was observed to a 
surprisingly large extent. a-Methylstyrene was converted to cumene to 
the extent of 19.5%. During the experiments, colloidal platinum was 
observed. The value for A 4 with C«H 5 SiH 3 and a-methylstyrene, at 120°C 
was 0.091 and at 60°C it was 0.088. For k 2 the corresponding values were 
0.007 and 0.014. For this example, the rates seem either to be independent 
of temperature or to decrease as the temperature increased. All these 
data indicate that these reactions were proceeding by a mechanism very 
different from ones previously discussed. The products seem to be those 
expected from free-radical addition of RSiH 3 to olefins (19). 

In recent years work has been done to combine the advantages 
of homogeneous catalysis with those of heterogeneous catalysts by 
complexing transition metals to solid inorganic or organic supports. 
Inorganic supports can be used if they are first treated with coupling 
agents, such as (MeO) 3 Si(CH 2 ) 3 NMe 2 , (MeO) 3 Si(CH 2 ) 3 C=N, 
(MeO) 3 SiCH 2 CH 2 C 5 H 4 N, (MeO) 3 Si(CH 2 ) 3 PPh 2 , etc. (20). Organic 
polymers substituted with groups that form strong bonds to transition 
metals may also be used (21). With Pt, Pd, or Rh complexes of this type, 
the solid catalysts seem to display remarkably similar results to those 
found with soluble catalysts with the same type ligands. 
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C. Ring Closure by Hydrosilation 

A series of 4-pentenylsilanes was prepared of the formula, 
CH 2 =CH(CH 2 ) 3 SiR 2 H (R 2 = Ph 2 , Me 2 , Cl 2 , PhMe, MeCl, EtCl, or 2- 
PrCl) (22). Near room temperature, chloroplatinic acid in i-PrOH was 
added to these in an amount approximately 10 -5 mole/mole of silane. 
Usually a smooth reaction occurred with no external heating. Two prod¬ 
ucts resulted in each example which are thought to form by an interme¬ 
diate complex as follows: 



O —o - 

Silacyclopentanes (A) were the principal products in every case. The 
A/B ratio varied with R from a high of 22 when R 2 = Ph 2 to a low of 4 
when R 2 = Cl 2 (see Table I). 

Steps in the mechanism with cobalt are believed to be as follows: 

HR a Si(CH a )jCH=CH, + HCo(CO)„ 

| isomerization 
HR a Si(CH a ) 3 CH a CH a Co(CO) n 


—< 12 > 
| very slow 
HCo(CO)„ + products 


Swisher and Chen (23) studied the effect of varying 


n in 
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TABLE I 


HPh 2 Si(CH 2 ) 3 CH=CH 2 — Ph 2 Si(CH 2 ) 3 CHCH 3 + Ph 2 Si(CH 2 ) 5 J 
(A) (B) 


Catalyst 

% Yield 

Solvent 

Temperature 

<°C) 

A/B 

H 2 PtCl 6 -6H 2 0 

93.3 

Neat 

20 

20-22 

Ph-alaninePt-C 2 H 4 -Cl 2 

89.3 

Toluene 

80 

Only A 

L-Proline • Pt -trans-C 4 H s -Cl 

89.3 

Toluene 

80 

Same 

L-ProlmePt(is-C 4 H 8 -Cl 

78.2 

Toluene 

80 

Same 

(Ph 3 P) 4 RhCl 

89.0 

Neat 

80 

6.6 

[(C 2 H 4 ) 2 RhCl] 2 “ 

98.1 

Hexane 

80 

16 


23.9 

Hexane 

80 

7.9 

7t-C s H 5 Co(CO) 2 ° 

36.9 

Neat 

135 

4.2 

Co 2 (CO) 8 

Nil 





n HPhMeSi(CH 2 ) 3 CH=CH 2 . 


HMe 2 Si(CH 2 ) n CH=:CH 2 between 0 and 6 on the products made with 
chloroplatinic acid in dilute solution in hexane at reflux for 48 hours. 
With n = 0 or 1, no cyclic products could be detected but polymers 
formed of the formula [—Me 2 Si(CH 2 ) 2+ „—] x . The effect of n was dra¬ 
matic on the rate of reaction and the yield of products, as summarized 
in Table II. 

Fessenden and Kray (24) showed that 5-dimethylsilyl-1-hexene with 
chloroplatinic acid in pentane gave a 73% yield of cis- and trans-l,l,2,5- 
tetramethylsilacyclopentane. 


TABLE II 

HMe 2 Si(CH 2 ) B CH=CH 2 -> 

Me 2 Si(CH) 2 «CHCH 3 + 
(A) 

Me 2 Si(CH 2 )„ +2 * 

(B) 


% Yield A/B 


2 46.3 0/100 

3 58.1 90/10 

4 69.8 52.5/47.5 

5 16.4 54.2/45.8 

6 2.4 100/0 
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Kobrakov et al. (25) studied addition of R 2 SiH 2 (R 2 = C1CH 2 , Me; Et, 
Cl; and Ph, Me) to 1,4-pentadiene with chloroplatinic acid. They obtained 
yields of the silacyclopentanes and silacyclohexanes of only about 20%, 
the remainder going to polymers, although the reaction proceeded 
smoothly. The poor yield of cyclics is probably due to the fact that 
hydrosilation took place in steps, the first step giving 
HR 2 Si(CH 2 ) 3 CH=CH 2 . Compounds of this type give excellent yields of 
cyclics when they react alone, but in these experiments this intermediate 
was formed under conditions of a competitive reaction. It could cyclize 
or add a second mole of R 2 SiH 2 to form HR 2 Si(CH 2 ) 5 SiHR 2 . This then 
could add to 1,4-pentadiene or to the intermediate to form oligomers. 

The addition of ClCH 2 MeSiH 2 , EtClSiH 2 , and PhMeSiH 2 as well as 
Me 2 ClSiH to 1,4-pentadiene was studied with chloroplatinic acid (25). 

Me,ClStH + CH a =CHCH a CH=CH a 

| (13) 

Me a ClSi(CH a ) a CH=CH a + Me a ClSi(CH a ),SiMe a Cl 


PhMeSiH 2 + CH a =CHCH a CH=CH a 


PhMeHSi(CH a ) a CH=CH a + 



(14) 


H a C 

The following cyclization took place readily to favor formation of a 
disilacyclopentane; 


HSiMe a CH a CH a SlMe a CH=CH a 

j (15) 

70% SiMejCHjCHjSiMejCHCH, + 30% [— SiMe a CH a CH a —] a 

Mironov et al. (26) showed that a variety of alkenoxysilanes form 
cyclic hydrosilation products readily with chloroplatinic acid. Good 
yields of cyclic products were found, of which the following are exam¬ 
ples: 



-D 
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The structures obtained from HSiMe 2 (CH 2 )„CH=CH 2 by Swisher (23) 
suggest that the structures assigned to 2, 4, 6, and 7 may not be correct, 
unless oxygen in the chain had a very different effect than —CH 2 — on 
ring closures. Alkynyloxysilanes such as HMe 2 SiOCH 2 C^CH only 
formed polymeric structures. 

Mironov et al. (26) also tried to cyclize acyloxysilanes with some 
success in making a series of silalactones. They used the series 
HMe 2 SiOOC(CH 2 )„CH=CH 2 (n = 0, 1, 2, 8). When n = 0, vinylpoly- 
merization of the acrylate occurred. This was also true for crotonic, 
cinnamic, and methacrylic esters to complicate and confuse the experi¬ 
ments, but with n = 1 , 2, or 8, the compounds reacted readily. 

The structures of the products were thought to be Me 2 SiOOC(CH 2 )„ +2 , 
but they might have been Me 2 SiOOC(CH 2 )„CHCH 3 . When n = 8 the 
product might have been a polymer. A cyclic was isolated by distillation 
under high vacuum and high temperature which would likely depolymer- 
ize a polymer to give a volatile cyclic. All these lactones were noticeably 
unstable, with molecular weights varying with time as they dimerized, 
trimerized, etc. 


D. Side Reactions of Catalytic Species 

Experiments with trichlorosilane-d, Cl 3 SiD, were most instructive 
about side reactions that can take place in the hypothetical catalytic 
olefin PtH(—Sfe) species during hydrosilation. Although trichlorosilane- 
d and methyldichlorosilane showed no exchange of deuterium and hy¬ 
drogen at 100°C during many hours in the absence of a catalyst, traces 
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of chloroplatinic acid caused very rapid exchange at room temperature 
(27). Thus, Eq. (7) was a reversible process. 

Cl 3 SiD + MeCl 2 SiH - — , Cl 3 SiH + MeCl 2 SiD (16) 

Sommer showed in an elegant study with optically active a-naphthyl- 
phenylmethylsilane, R 3 Si*H (28), that an exchange of this kind can be 
faster than hydrosilation. 

R 3 Si*H + PhEtMeSiD ' ■■ . R 3 Si*D + PhEtMeSiH (17) 

Chloroplatinic acid, as well as [(C 2 H 4 )PtCl 2 ] 2 , IrClCO(PPh 3 ) 2 , Co 2 (CO) 8 , 
R 3 Si*Co(CO) 4 , 10% Pd/C, 5% Pt/C, and Raney Ni were effective catalysts 
for reaction (17). 

Dicobalt octacarbonyl and bis(triphenylphosphine)carbonyl chloroiri- 
dium catalyzed analogous hydrogen-deuterium exchanges (28). 

R 3 Si*D + H 2 . ” ' R 3 Si*H + HD (18) 

An intermediate was isolated, and underwent an exchange: 

R 3 Si*H + Co 2 (CO) e -» 2 R 3 Si*Co(CO) 4 + H 2 (19) 

R 3 Si*Co(CO) 4 + Et 3 SiH ^ Et 3 SiCo(CO) 4 + R 3 Si*H (20) 

A comparable exchange occurred between (-)-phenylneopentylmethyl- 
silylcobalt tetracarbonyl and triphenylsilane. All these exchanges pro¬ 
ceeded with retention of configuration of the asymmetric center of the 
silane. 

Studies of hydrosilation with trichlorosilane-d (2f) proved that ex¬ 
change can also take place between SiD and C—H bonds in olefins during 
hydrosilation. Isobutylene was chosen as the olefin for this study because 
both it and isobutyltrichlorosilane have 'H NMR spectra that are easy to 
interpret, and because movement of the double bond can give rise to no 
detectable isomerization. Excess trichlorosilane-d with isobutylene and 
chloroplatinic acid was sealed into a Pyrex tube and kept near 25 °C 
overnight. Deuterosilation was complete in less than 1 hour. Analysis of 
the product after about 16 hours indicated reactions that can be summed 
up as follows: 

3.5Cl 3 SiD + H 2 C=C(CH 3 ) 2 — Cl 3 Si—C 4 H 65 D 2 . 5 + 1.5Cl 3 SiH + Cl 3 SiD (21) 

The tertiary position of the isobutylsilane was only about 70% deuter- 
ated, and deuterium was on every carbon atom in the system, so the i- 
butyltrichlorosilane contained an average of 2.5 D’s and 6.5 H’s per 
mole. This gives a D/H ratio in the i-butyl group of 0.39. If D’s and H’s 
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in the original solution became randomly distributed among every pos¬ 
sible structure, the ratio would be D/H ~ 0.44. 

A random distribution of D’s and H’s was almost achieved in this 
example. Such a result required many exchange steps before hydrosila¬ 
tion; i.e., these exchanges were much faster than the formation of the 
alkylsilane. The alkylsilane left the complex as the last, irreversible, 
relatively slow step in hydrosilation. 

Isobutylene recovered from an experiment with a mole ratio of 3 
olefins/Cl 3 SiD contained C—D bonds. This requires that deuteroisobu- 
tylene was displaced by isobutylene from the complex in a reversible 
way to lead to equilibrium between olefin molecules in solution and those 
in the complex. 

Cl 3 Si—i-C 4 H 6 . 5 D 2 . 5 was employed as a solvent during the addition of 
Cl 3 SiH to 1-octene with chloroplatinic acid. Excess Cl 3 SiH was recovered 
free of Cl 3 SiD, and this indicates that the solvent in no way participated 
in the several equilibria. Similar experiments with Cl 3 Si—D and other 
olefins are summarized in Table 111. 

Harrod and Chalk (lid) extended this type of study by examining 
the effects of rhodium and palladium complexes on isomerization of ole¬ 
fins substituted with deuterium at specific points in the molecule. They 
used l-pentene-l,2-d 2 , CH 3 CH 2 CH 2 DC=CHD, and l-heptene-3-d 2 , 
C 4 H 9 CD 2 CH=CH 2 . Rhodium was used near room temperature at a con¬ 
centration of about 10 -3 M RhCl 3 -3H 2 0 and palladium as 10 _2 -10 _3 Af 
(PhCN) 2 PdCl 2 at 55°C. They studied the distribution of deuterium in the 
deuterated olefins and also the distribution of deuterium in mixtures of 
l-heptene-3-d 2 and 1-pentene as a function of time during isomerization. 
The two catalysts displayed different effects. Rhodium trichloride seemed 
to resemble chloroplatinic acid in causing rapid redistribution of deuter¬ 
ium onto all the carbon atoms in the system, indicating rapid reversible 
addition of hydride to coordinated olefin. With palladium, double-bond 
shifts seemed to occur by a 1,3 shift of a deuterium or hydrogen, with 
much less intermolecular exchange. Very little deuterium became at¬ 
tached to doubly bonded carbon atoms. With deuteriopentene, 1,3 shifts 
only like those in Eq. (22) seem to best fit the results. 


ch,ch 2 ch=cdcHjD 



CH s CH a CH a CD=CHD 



( 22 ) 


ch,ch=chcdhch 2 d 
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TABLE III 

Exchange of SiD and C —H during Hydrosilation with Cl 3 SiD“ 


Olefin 

D/H Mixture D/H Adduci 

t Structure of products 

CH 2 =CH(CH 3 ) 2 

0.44 

0.39 

Cl 3 SiC—C—(Cfe 

CH 2 =CH(CH 2 ) 3 CH 3 

0.28 

0.25 

Cl 3 Si-/i-C„ 

CH 2 =CHCH(CH 3 ) 2 

0.26 

0.20 

(A) 90% Cl 3 SiC—C—C—(C) 2 

c 

1 

(B) 10% Cl 3 SiC—C— C—C 

(CH s ) 2 C=CHCH 3 

0.22 

0.20 

70% (A); 30% (B) 

CH-- 

0.37 

0.28 

Mostly Cl 3 SiC— 

O- 

0.30 

0.31 

Same 

Cyclo-C 6 H 10 

0.29 

0.23 

Cl 3 Si—cyclo-C 6 

CH 3 PhC=CH 2 

0.24 

0.1 

Cl 3 SiCH 2 CDPhCH 3 

CH S 

0.84 

0.14 

95% Cl 3 SiCH 2 CD(CH 3 )CH 2 Cl 

CH S =C—CH 2 C1 

CH 2 =CHCH 2 C1 

Excess C 3 H s C1 


Cl 3 SiCH 2 CHDCH 2 Cl + 
CH 2 =CHCH 2 D 

Ph Ph 

PhC=CPh 

0.45 

0.1 

c=c( 

D SiCl 3 


“ From Benkeser and Cunico (29) 


These data may be rationalized as the results of processes occurring 
in the coordination sphere of a transition metal not necessarily in the 


following order: 

(a) Olefin olefin 2 exchange : 

fast > Olefin 1 _Pt + Olefin 2 


(b) 

Reversible oxidative addition: 


n&\ 

(c) 

Isomerization of olefin: 

. - as - . » Alkyl_Pt_(Si=) 

x 

(25) 

(d) 

Olefin—Pt(Si=)H 7— 

Hydrosilation: 

olefin, s SiH 

Alkyl Pt(—Si=)--- 

Alkyl Si= + Olefin Pt(— Si=)H 

(26) 
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Rates of reaction and the course of each step depended upon the struc¬ 
tures of the species. With a-methylstyrene and with methallyl chloride, 
steps (b) and (c) were not detectable; perhaps (a) did not happen and the 
product was that of direct addition with no exchanges or isomerization. 
With 1-hexene, 3-methyl-l-butene-l, 3-methyl-2-butene, and cyclohexene 
the exchanges and isomerization were much faster than step (d). By step 
(d) the product left the coordination sphere of the metal and no longer 
participated in any of the processes. 

Excess MeCl 2 SiH with each of the methylbutenes (2/) formed the 
following products: 

CH^CMeCHjCH, -> MeCI 2 SiCH 2 CHMeCH 2 CH 3 (27) 

(A) (I) 


CH 2 =CHCHMeCH 3 —» MeCl 2 SiCH 2 CH 2 CHMeCH 3 (28) 

(B) (II) 


CH 3 CH=CMeCH 3 - I + 11 (29) 

(C) (30%) (60%) 

Excess MeCl 2 SiH added alowly to A at reflux gave 82% of compound I 
and 18% of II. One equivalent of MeCl 2 SiH was added to solutions of 
one equivalent of both A and B or A and C. In either case the recovered 
olefin was largely C. The relative yields of I and II from the competitive 
reactions would indicate relative reactivities of B/A/C of 1/0.07/0.02. B 
was apparently more reactive than A or C. This suggests that C formed 
from B and A after most of the II or I was made. If A and B formed C 
before hydrosilation, the three olefins should exhibit relative reactivities 
close to MMX, and they should each have made the same mixture of 
adducts. 

Similar experiments were carried out with the following olefins in 
excess: 


<o».— 


o* 


o 


CH 2 SiMeCl 2 


(HI) 

(100%) 


(IB) 




MeCljSi—( 


-H 3 


(E) 


(30) 


(31) 


(84%) 
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ch, 31 ° w » - (m) + (iv) ( 32 ) 

(F) (74%) (26%) 


In each case excess olefin was recovered as E and F: 87% E in (30), 93% 
E in (31), and 74% E in (32). Hydrosilation of D was very rapid to make 
pure III. Hydrosilation of E and F was incomplete after 48 hours at 
reflux. 

Benkeser and Cunico (29) found that Cl 3 SiH at 140°C with either 1- 
or 4-rm-butylcyclohexene and dichlorobis(ethylene)-/j,,/i,-dichlorodipla- 
tinum(II) gave rise to skeletal rearrangement of the olefins and made (i) 
l-trichlorosilyl-2-(l-methylcyclohexyl)propane and (ii) terr-butyltrichlo- 
rosilylcyclohexane very slowly. The formation of (i) required a 1,2 mi¬ 
gration of a methyl group from the tert- butyl group. Even more unusual 
was the finding that this migration was reversible, as demonstrated by 
the fact that 1-methyl-1-isopropenylcyclohexane also made (i) and (ii) 
together with a small amount of tm-butylcyclo hexane. Olefins recovered 
from all these experiments were mixtures of tm-butylcyclohexenes ap¬ 
proximately at thermodynamic equilibrium. 


oc 

'- ' CHCHjSiClj 

<!:h. 


(i) 

(66%) 



(33) 


In continuing the study of hydrosilation of alkylcyclohexenes, Benke¬ 
ser et al. (13) studied in detail the addition of Cl 3 SiH (with H 2 PtCl g ) to 
1-, 3-, and 4-ethylcyclohexenes, as well as to ethylidene- and vinylcy- 
clohexenes. With an olefin/Cl 3 SiH ratio of 1/1.9 at reflux, vinylcyclo- 
hexane gave a 68% yield of adduct in 0.5 hours. The other olefins re¬ 
quired much more time: e.g., 96 hours was needed to achieve 83% yield 
from 3-ethylcyclohexene. Each olefin made the same adduct— 
C g H n CH 2 CH 2 SiCl 3 —and recovered olefins were mixtures of all possible 
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isomers except vinylcyclohexane. They studied 1-Pr-cyclohexene with 
the following results: 

CLSiH 

l-n-PrCjH,-*- C 6 Hj,CH a CH a CH^SiC 1 s 



(3%) (2%) 


Hydrosilation of alkylcyclohexenes illustrates the ability of active cat¬ 
alytic complexes to isomerize olefins and the tendency chlorosilanes have 
to form primary alkyl adducts even if this requires a skeletal rearrange- 

/ 

ment of the olefin. Addition to CH 2 =C groups can be rapid at low 

\ 

temperatures. Addition to internal olefins is slower, but still fast if a 
terminal position is conveniently available. Addition to cyclohexene 
structures is very slow and accompanied by every conceivable exchange 
and isomerization. 

Every example with a cyclohexene has proved hydrosilation to be very 
slow and difficult, but this difficulty was not experienced with cyclopen- 
tene structures by Petrov et al. (27). A number of chlorosilanes were 
added to bicyclo-(2,2,l)-hept-5-ene, bicyclo-(2,2,l)-hepta-2,5-diene, 2- 
methyl- and 2-vinylbicyclo-(2,2,l)-hept-5-ene, and dicyclopentadiene 
under mild conditions. Particularly surprising was the example of Eq. 
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(35), in which a vinyl group and a cyclopentene apparently reacted at 
similar rates. 

Unpublished work from our laboratory (12b) indicated that triethoxy- 
silane behaved differently than trichlorosilane. With linear olefins and 
chloroplatinic acid in a ratio of 1:5 x 10~ 3 it added much more slowly, 
did not isomerize the olefin, and formed secondary alkyltriethoxysilanes. 
However, it added rapidly to allyl acetate (see Table IV). 

A series of silanes, Me 2 ClSiH, MeCl 2 SiH, Cl 3 SiH, and Me 2 Ph5>iH 
were added to vinylsilanes, Me 3 SiCH=CH 2 , Me 2 ClSiCH=CH 2 , 
MeCl 2 SiCH=CH 2 , and Cl 3 SiCH=CH 2 , with I0 4 moles of chloroplatinic 
acid per mole of vinylsilane at 100°C (12a). These reactions were char¬ 
acteristically fast and went to completion smoothly, but they always 
yielded at least two products and sometimes four. All combinations of 
reagents gave R 3 SiR 3 Si'CHCH 3 as well as the principal product 
R 3 SiCH 2 CH 2 Si'R 3 . When R 3 Si and R 3 Si' were different two more prod¬ 
ucts appeared, which proved to be R 3 SiCH 2 CH 2 SiR 3 and 
R 3 Si'CH 2 CH 2 Si'R 3 . These are explained as products resulting from a 
vinyl-H exchange: 

R 3 SiH + R 3 Si'CH=CH 2 ^ R 3 SiCH=CH 2 + R 3 Si'H (36) 

The products are easily identified when one of the silyl groups is PhMe 2 Si. 
Table V illustrates the products that form in this case. 

No unusual products were formed with allylsilanes. Under similar 
conditions, allylsilanes made only 1,3-disubstituted propanes, and pro- 
penylsilanes were recovered if excess allylsilane was used. 


TABLE IV 

(EtO) 3 SiH + Olefins ><WC -> Products 


Olefin 

Silane/olefin 

Days 

% Conv. 

Products 

1-Hexene 

1/1 

10 

83 

(EtO) 3 Si—n-C 6 H, 3 

2-Hexene 

1/2 

1(150°) 

24 

1,2,3-C 6 H 13 Si(OEt) 3 ratio: 
14.5/1/0.9 

3-Hexene 

1/1 

24 

-Nil 

36 

1- and 3-C 6 H 13 Si(OEt) 3 

Ratio: 1/2.1 

Allyl acetate 

2/1 

1 ” 

100 

(EtO) 3 Si(CH 2 ) 3 OAc (82%) + 
(EtO) 3 SiOAc (18%) 


0 This solution reacted rapidly even at room temperature. 
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TABLE V 

RaSiCH=CH 2 + R 3 Si'H - R 3 SiCH 2 CH 2 Si'R 3 + R 3 SiR 3 Si'CHCH 3 
(A) (B) 


+ R 3 SiCH 2 CH 2 SiR 3 + R 3 Si'-CH 2 CH 2 Si'R 3 
(C) (D) 


GLC Area (%) 

R 3 Si 

R 3 Si' 

A 

B 

C 

D 

PhMe 2 Si 

Cl 3 Si 

88.3 

8.9 

1.6 

1.3 

PhMe^i 

MeCl 2 Si 

90.6 

7.8 

0.7 

0.9 

PhMe 2 Si 

MejCISi 

94.7 

3.7 

0.8 

0.8 

Cl 3 Si 

PhMe»Si 

76.5 

19.8 

2.1 

1.6 

MeCl 2 Si 

PhMe 2 Si 

75.8 

17.0 

4.1 

3.1 

Me 2 ClSi 

PhMe 2 Si 

86.6 

2.6 

5.5 

5.3 


E. Asymmetric Hydrosilation with Chiral Platinum Complexes 

The recent discovery that a chiral phosphine ligand in a platinum(II) 
complex can give rise to a catalytic asymmetric hydrosilation of prochiral 
olefins seems to prove that a phosphine ligand can be included in the 
coordination sphere of platinum in an active catalytic species, but that 
when a phosphine ligand is so included, the activity of the species is 
reduced by several orders of magnitude. 

Kumada el al (30) achieved for the first time a catalytic asymmetric 
hydrosilation with a platinum complex by addition of silanes to prochiral 
olefins. m-Dichloro(ethylene)-S-l-phenylethylamine platinum(II) was a 
very efficient catalyst, but the adducts were always racemic. However, 
d.v-dichloro(ethylene)phosphine platinum(II) with chiral phosphine lig¬ 
ands gave rise to optically active adducts (31). The procedure to evaluate 
the catalysts was typically as follows: A solution of an olefin (30 mmoles), 
a chlorosilane (30 mmoles), and a catalyst (0.02 mmoles) was heated to 
40°C in a sealed glass tube for 24 hours, and than analyzed. Under these 
conditions, complexes c«-L* 2 PtCl 2 were not effective as catalysts. Cat¬ 
alysts [L*PtCl 2 ] 2 and cis-C 2 H 4 L*PtCl 2 were effective catalysts. [L* was 
L* 1 = (R)PhCH 2 MePhP; L* 2 = (R)MePh-n-PrP; and L* 3 = (-)-menthyl- 
Ph 2 P]. Asymmetry in these ligands centered on phosphorus in the first 
two ligands but on the menthyl group in the third. 

The extent of asymmetric induction was low. L* 1 was the most effec¬ 
tive to induce asymmetry in the adduct of a-methylstyrene and methyl- 
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dichlorosilane. A consistent preference for formation of the ( R) isomer of 
the adducts suggested that a similar stereochemical sequence of coordi¬ 
nation of olefin to platinum followed by addition of silane occurred, i.e., 
that a similar disastereomeric transition state was involved in every case. 

Methyldichlorosilane was by far the most reactive in hydrosilation of 
1,1-disubstituted olefins. Trialkylsilanes did not add at all, even at 120°C. 
Trichlorosilane gave complicated results involving isomerization of ole¬ 
fins and dimerization of a-methylstyrene, and products were not optically 
active. 2-Methylbutene-2 and trichlorosilane gave two adducts, 2-meth- 
ylbutyltrichlorosilane and 3-methylbutyltrichlorosilane. The latter re¬ 
quired isomerization of the olefin. 2,3-Dimethylbutene-l gave one adduct 
in 70% yield, and it was optically slightly active [0.8% (/?) isomer]. 

Asymmetric hydrosilation of prochiral olefins other than 1,1-disubsti¬ 
tuted ones was unsuccessful because they were unreactive under the 
conditions employed. Styrene afforded a 20% yield of 1-phenylethyl- and 
50% of 2-phenylethylmethyldichlorosilane, both inactive. The 1-phenyl¬ 
ethyl isomer had a possibility of activity with its asymmetric center, 
PhMeC*HSi=. 

A most interesting example of an asymmetric ring closure was ob¬ 
served: 


eis -C,H 4 L* l PtCl a 

HMe a Si(CH J ) J CH=CH, -*- |_| +11 (37) 

Kumada et al. (32) had shown earlier that these same catalysts add 
methyldichlorosilane to alkylphenyl ketones to give optically active al- 
kylphenyl carbinols. 

RCOPh + HMejSiCl [ R 3 Pptcl 2] a> _ RphCHOSiMeClj lj MeLl » RPhCHOH (38) 
2. H,0 + 


III 

HOMOGENEOUS CATALYSIS WITH METALS OTHER THAN 
PLATINUM 

Dicobaltoctacarbonyl at concentrations about 10 -3 M was an excellent 
catalyst (lib) for hydrosilation of 1-hexene by common silanes, including 
(MeO) 3 SiH, Et 3 SiH, and PhCl 2 SiH, to give exclusively n-hexyl silanes. 
The only observable side reaction was formation of hexene-2 and hexene- 
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3. Isomerization was faster than hydrosilation and more facile than with 
platinum or rhodium catalysts. Isomerization occurred with (MeO) 3 SiH, 
which does not cause isomerization with platinum. These hydrosilations 
were most successful below 60°C and proceeded smoothly even at 0°C 
after an induction period. Above 60°C, the catalyst decomposed and 
became ineffective. 

If the catalyst was added to the silane and allowed to react with it prior 
to the addition of the hexene-1, catalytic activity was largely or com¬ 
pletely lost. Also, the rate of hydrosilation and isomerization was mark¬ 
edly reduced when the concentration of silane exceeded that of 1-hexene. 

The mechanism suggested to explain these results is as follows: 


Co 2 (CO), + R ; ,SiH - R 3 SiCo(CO) 4 + HCo(CO) 4 (39) 

2HCo(CO) 4 —Co 2 (CO) 8 + H 2 f (40) 

HCo(CO) 4 + RCH=CH 2 ±5 RCH 2 CH 2 Co(CO) 4 (41) 

RCH 2 CH 2 Co(CO) 4 + R 3 SiH - RCH 2 CH 2 SiR 3 + HCo(CO) 4 (42) 


The silylcobalt compound of reaction (39) is thought to be neither 
catalytic nor capable of adding to an olefin in a manner analogous to 
reaction (41). Kumada (32) described catalytic activity for several 
nickel(II) complexes for hydrosilation of 1-alkenes with methyldichloro- 
silane at 120°C for 20 hours in a mole ratio of olefin/silane/catalyst of 1/ 
2/10 -3 . Ni(PPh 3 ) 2 Cl 2 , Ni(Me 2 NCH 2 CH 2 NMe 2 )Cl 2 , and Ni(dipyridine)Cl 2 
were practically ineffective. However, Ni(Me 2 PCH 2 CH 2 PMe 2 )Cl 2 , 
Ni(Ph 2 PCH 2 CH 2 PPh 2 )CI 2 , and dichloro[l, 1 l -bis(dimethylphosphino)- 
ferrocene]nickeI(II) were effective not only for hydrosilation but for H-Cl 
exchange, so that the principal products were RMeSiCIH + MeSiCl 3 . 
With 1-octene and the last catalyst named above, C 8 H I7 MeSiClH and 
C 8 H 17 MeSiCl 2 were obtained in the ratio of 87/18. 

Kumada and his co-workers (33) later showed that a chiral Ni(II) 
complex induced asymmetric hydrosilation of a-methylstyrene by meth- 
yldichlorosilane at 90°C for 60 hours. By use of the trans-(R) isomer of 
(PhCH 2 —PhMeP*) 2 NiCl 2 , they isolated 8% PhMeC*HCH 2 SiMeClH with 
[oOn + 6.43° and 31% PhMeC*HCH 2 SiMeCl 2 with [a],, + 6.50°. The latter 
compound was treated with methyllithium to prepare PhMeC*HCH 2 SiMe 3 , 
[a] n + 10°, which they estimated as 17.6% optically pure. 

The square-planar complex (34) NiCI 2 -(P-«-Bu 3 ) 2 was a better catalyst 
than the tetrahedral complex NiBr 2 -(PPh 3 ) 2 for hydrosilation of styrene 
with trichlorosilane at temperatures of 150°-170°C. A nickel(0) complex, 
Ni[P(OPh) 3 ] 4 , was as good as NiCl 2 (NC 5 H 5 ) 4 , which was best among 
known nickel catalysts for this reaction. Addition of copper(I) chloride 
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increased the yield from about 10% to about 75% of product and made 
it almost exclusively 1-phenyl-1-trichlorosilylethane (35). These catalysts 
were used at about 0.2 wt% in 1/1 styrene/trichlorosilane, usually at 
150°C for more than 3 hours. 

The activity of Ziegler-type systems such as M(acac)„-AlEt 3 (M = Cr, 
Mn, Fe, Co, or Ni; acac = acetylacetonate) was examined with 1-olefins 
and triethyl- or triethoxysilanes (35). Systems with nickel or cobalt 
showed low activity for hydrosilation but isomerized the olefin and were 
reduced to the metal. The study was extended to dienes and acetylenes 
(36). Isoprene gave the same products with these catalysts as are made 
with chloroplatinic acid. Penta-1,3-diene with Pt gave l-methylbut-2-en- 
ylsilanes. The Ziegler catalysts gave mainly penta-2-enylsilanes 

CH 3 CH=CHCH=CH 2 + X 3 SiH -> CH 3 CH 2 CH=CHCH 2 SiX 3 (43) 

where X = OEt, Et, Cl 2 Me, Me. Only when X = OEt was some 1- 
methylbut-2-enylsilanes also formed. 

With dienes and acetylenes, only M = Fe, Co or Ni showed activity. 
The Fe and Co systems gave many side products. Therefore, the Ni 
catalyst was studied in greater detail. Bis-(ir-cycloocta-l,5-diene)nickel(0) 
was equivalent to the Ziegler catalyst in hydrosilation of penta-1,3-diene. 

A mechanism suggested for this system is essentially identical to that 
already discussed, but adapted to a diene. 



CH 3 CH,CH=CHCH a SiX, CH 3 CH=CHCH(SiX,)CH3 
(L = all other ligands) 


These Ziegler catalysts were inactive for hydrosilation of cyclopenta- 
diene, c/i.cA-cycloocta-l ,5-diene, or norbornadiene. 

With Ziegler systems containing Ni, terminal acetylenes gave coupled 
diadducts as in Eq. (45): 
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2RO^CH + HSiX 3 —- H 3 C=CRCR=CHSiX 3 + RHC=CHCR=CHSiX 3 (45) 
(A) (B) 

where R = n-C 3 H 7 and X = OEt. At 0°C the system of Eq. (45) was 
exothermic and gave 80% A and 20% B. Two geometric isomers of A are 
possible, but only 



H 


was detected. The system was active with other alkylacetylenes but 
inactive with all internal acetylenes. 

The relative rate constants for addition of XC 6 H 4 Me 2 SiH to ethylene 
were measured with H 2 PtCl 6 , RhCl[P(C 6 H 5 ) 3 ] 3 , and Co 2 (CO) 8 as catalysts 
(37). The relative amounts of these three catalysts that gave approxi¬ 
mately equal rates of addition were 1 Pt = 20 Rh = 4000 Co. The 
additions seemed to be first-order with respect to ethylene, which may 
be an artifact resulting from the rate of solution of the gaseous ethylene 
in the liquid medium of the reaction. In each case the relative rate of 
hydrosilation was nearly independent of the structure of X. The relative 
rate constants of Et 3 _„Cl„SiH to 1-heptene and «-Pr 3 _„(EtO)„SiH to 1- 
hexene with H 2 PtCI 6 were studied (37) in sealed ampoules at 120°C for 
4 hours with tenfold excesses of olefin. The calculated relative rates for 
Et 3 SiH/Et 2 ClSiH/EtCl 2 SiH/Cl 3 SiH were 1/1.94/2.64/3.0; for n-Pr 3 SiH//7- 
Pr 2 EtOSiH/«-Pr(EtO) 2 SiH/(EtO) 3 SiH they were 1/4.33/15.26/11.25. 

Unpublished work in this laboratory convinced us that the method of 
competing two reagents for an excess of a third usually does not offer a 
reliable measure of relative reactivities for either olefins or =SiH com¬ 
pounds in hydrosilation with platinum catalysts. To obtain valid relative 
rate data, each competing species must react as though the other were 
not present. This situation does not obtain during hydrosilation. When 
the catalytic species has =SiH and olefin molecules exchanging rapidly 
in the coordination sphere of the metal accompanied by isomerization of 
the olefin, exchange of C—H and Si—H bonds, etc., two kinds of =SiH 
molecules or two kinds of olefins permit so large a number of rapidly 
changing transition states that the rate of formation of products becomes 
unpredictable. Our data agree with that of Reiksfel’d in that at low 
temperatures in reactive systems the reaction is first-order in catalyst 
and zero-order with respect to reagents. Ratios of rate constants that 
were measured absolutely were seldom close to what should have been 
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the same ratio as measured by the method of competitive reactions. The 
methods agreed best when the ratio k^/k .2 ~ 1. When the ratio was not 
close to unity, the method of competitive reactions made that reagent 
with a smaller absolute rate constant win in competition with reagents 
with larger rate constants. This anomaly can be plausibly explained as 
follows: That reagent which makes the more stable Olefin MH(—Si=) 
complex has the slower overall absolute rate of hydrosilation, but by 
monopolizing the catalyst, it tends to exclude very reactive reagents 
during competitive reactions. 

The method of competitive reactions was used (38) to measure the 
relative rates of addition of Et 3 _„Cl„SiH (n = 0-3) to 1-heptene with 
Co 2 (CO) 8 and RhCl(PPh 3 ) 3 as catalysts. With the rhodium catalyst at 
80°C no hydrosilation took place; at 120°C only that silane with a greater 
number of Si—Cl bonds yielded products. 

These experiments seem to show that the relative reactivities of 
Et 3 SiH:Et 2 ClSiH:EtCl 2 SiH:Cl 3 SiH were approximately 1:2 x 10 2 :4 x 
10 4 :8 x 10 6 . The relative rates are made obviously misleading by the fact 
that Et 3 SiH in the absence of a chlorosilane reacted smoothly with 1- 
heptene at 60°C. To obtain a measurable amount of products with 
Co 2 (CO) 8 , about 100 times more catalyst had to be used. In this case, 
the relative rates were calculated to be Cl 3 SiH (1): EtCl 2 SiH (1.3); 
Et 2 ClSiH (1.5): Et 3 SiH (1.6). Similar experiments with ethoxysilanes at 
80°C with the same catalysts gave the following calculated relative rate 
constants: with Rh, (n-Pr) 3 SiH (1); (w-Pr) 2 EtOSiH (5.4); n-Pr(EtO) 2 SiH 
(28.4); (EtO) 3 SiH (42.8); with Co 2 (CO) 8 , the values were 1; 27.5; 59.5; 
11.9. 

Catalysts of the type L 2 RhH(SiR 3 )Cl were studied (39). These catalysts 
were used to add Et 3 SiH to 1-hexene in benzene in a mole ratio of 
10 -4 :1:2:4.5 at 50°C. An induction period seems to have been present. 
After about 20 minutes, hydrosilation took place with a several degree 
rise in the temperature of the solution. The excess hexene was isomerized 
to 2- and 3-hexenes, mostly trans isomers. The order of increasing cat¬ 
alytic efficiency for L 3 RhCl was L = (cyclo-C 6 H u ) 3 P « Ph 2 MeP < 
Ph(cyclo-C 6 H u ) 2 P = Ph 3 P < Ph 2 -cyclo-C 6 H n P = Ph 2 EtP. 

Successful hydrosilations were carried out with chloroplatinic acid and 
the uncommon reagents shown in the following equations with n = 2 and 
3 (40): 


(Me 2 C=N—0)„Si Me 3 _ „H + CH 2 =CHCH 2 NHSiMe 3 —» 


(46) 


Me 3 _„(Me 2 C=N—0)„_ 1 SiCH 2 CHjCH i ,NH J + Me 3 SiON=CMe 2 
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The heterocyclic aminosilane tended to dimerize and trimerize on stor¬ 
age. 

(Me,C=N—0)„SiMe 3 „H + CHj=CHCH,COOSiMe — 

(Me 2 C=N—0)„SiMe 3 _ n (CH 2 (aCOOSiMea 

I (47) 

1 ~I70°C _ 

(Me 2 C=N—0)„_ 1 SiMe 3 -„(CH 2 ) 3 C00 J + Me 3 SiON=CMe 2 

Rejhon and Hetflejs (40) recently investigated the hydrosilation of 1- 
hexene with triethyl, triethoxy, and trichlorosilane, and found that the 
efficiency of some rhodium complexes decrease in the order RhX(PPh 3 ) 3 , 
X = Cl > Br > I > RhClCO(PPh 3 ) 2 « RhH(CO)(PPh 3 ) 3 , and ligands in 
these complexes P(C 6 H n )3 > PMe 2 Ph > PMePh 2 PPh 3 > P(On—Bu) 3 > 
P(OPh) 3 Ph 2 PCH 2 CH 2 PPh 2 . In the addition of Me 3 SiH and (EtO) 3 SiH 
to styrene, the order of activity was RhCl(CO)(PPh 3 )2 > RhH(CO)(PPh 3 ) 3 
= RhX(PPh 3 ) 3 (X = Cl > I). With styrene, the yield of 1 -silyl- 1-phenyl- 
ethane relative to 2-silyl-l-phenylethane increased with increasing elec¬ 
tronegativity of substituents on silicon. Me < EtO < Cl. This conclusion 
might also be reached from the data in Table VIII (Section IV) from use 
of a platinum catalyst. The relative yields of the two products were not 
greatly influenced by different phosphine ligands. A surprising amount 
of ethylbenzene (5-13%) was produced in these experiments. 

All the rhodium catalysts gave exclusively n-hexylsilanes from 1-hex¬ 
ene, but if the catalysts was used at about 10~ 4 molar ratio to reagents in 
benzene, no isomerization of the hexene was observed. A polar coordi¬ 
nating solvent such as tetrahydrofuran drastically reduced the rate of 
hydrosilation. The rhodium complexes were recoverable unchanged after 
completion of the reactions. 

Only Me 3 SiH reacted at room temperature and then very slowly. With 
RhCl(PPh 3 ), Me 3 SiH reacted 82% in 15 minutes at 50°C; (EtO) 3 SiH, 64% 
at 100°C in 2 hours; Cl 3 SiH, 68% at 120X: in 2 hours. Excess Ph 3 P 
suppressed addition of trimethylsilane to 1-hexene, but it had very little 
effect upon the rate of addition of triethoxysilane (41). Even in cases 
where excess free ligand suppressed hydrosilation by Me 3 SiH, a trime- 
thylsilylrhodium(III) complex was thought to form because the solution 
turned the typical yellow color characteristic of Me 3 Si RhHCl L 2 . It 
seems most likely that excess ligand formed Me 3 SiRhHClL 3 and excluded 
1-hexene from the coordination sphere of rhodium, thus suppressing 
hydrosilation. 

Recently, various rhodium carbene complexes were investigated as 
catalysts for hydrosilation of olefins, acetylenes, and dienes to see 
whether carbene ligands modify catalytic activity. All reactions were 
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carried out with about 1 mol% catalyst at 100°C for 8 hours. No attempt 
was made to study rate of reaction or to maximize yields (41). No 
dramatic effect could be seen for the carbene ligands. Additions to 1- 
octene were comparable with results from Svoboda et al. (37) with 1- 
hexene. 

The addition of triethylsilane to 1-hexyne led to an 80/20 mixture of 
cis- to /rans-l-triethylsilyl-l-hexene. This is most anomalous: usually, 
only trans isomers result by cis-addition of Si—H to the triple bond. 

Asymmetric catalysis by chiral rhodium complexes in both hydrogen¬ 
ation and hydrosilation have been found. Kagan (42) recently reported 
that the chiral phosphine rhodium complex [(-)-DIOPRhCl] 2 gave the 
most efficient asymmetric syntheses observed to date. This complex is: 


v 

/vr 




At room temperature, this catalyst with an acetophenone-to-catalyst ratio 
of 100/1 gave results indicated in Eq. (48): 

a-Naph-PhSiH* + PhMeC=0^^ PhMeHC*OSiHPh-a-Naph. 

|h + (48) 

Carbinol, 90-95% (S)-< -)PhMeHC*OH 
Silane. a-Naph-PhHSi*OH 30-45% active 

Ojima (43) used the same DIOPRh catalyst earlier to add Et 2 SiH 2 , 
PhMeSiH 2 , Ph 2 SiH 2 and a-naph-PhSiH 2 to a-ketoesters to synthesize 
optically active a-hydroxy carboxylate esters. With diethyl- or phenyl- 
methylsilane and propyl pyuvate, a double hydrosilation occurred to 
chiefly make a cyclic product with double asymmetry. 

Kumada (44) showed that chiral ferrocenyl phosphine ligands on rho¬ 
dium gave good optical yields of carbinols from prochiral ketones. 


IV 

EFFECTS OF THE STRUCTURE OF THE SILANE 

Very little has been done to investigate the effect of the structure of 
the =SiH compound in determining the structure of the end products of 
hydrosilation. Examples can be found, in addition to many that have 
already been mentioned, which indicate that the structure of =SiH com- 
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pound can play a very important role in determining the position of the 
Si—C bond in the alkyl groups formed by hydrosilation. 

The addition of Cl x Me 3 - x SiH (x = 3, 2, 1) to phenylalkenes: with 
chloroplatinic acid frequently formed two adducts ( 2h ). (a) 
Ph(CH 2 ) n+2 SiCl jr Me 3 _ x and (b) PhCH(SiCI r Me 3 -. r )(CH 2 ) n CH 3 . Pike (45) 
claimed that no (b) formed in the presence of a small amount of an 
electron-donating solvent such as tetrahydrofuran. 1-Phenylalkenes gave 
results summarized in Table VI. 

The kinetics of addition of Cl 3 SiH at 100T! to Ph(CH 2 ) 2 CH=CH 2 in a 
ratio of 1/1 was examined. A plot of Cl 3 SiH vs. time showed that Cl 3 SiH 
disappeared at a constant rate until more than 80% was reacted. The 
process thus seemed to be of zero order in silane. In 8 minutes, 4-phenyl- 
1-butene was converted to about 21% cis-I -phenyl-1 -butene, 67% 4-phen- 
ylbutyltrichlorosilane, 10% 1-phenylbutyltrichlorosilane, and about 2% 
«-butylbenzene, which remained constant thereafter. After about 6.5 
hours, 99.2% of the Cl 3 SiH had reacted. About 2% of the original olefin 
was then converted to trans- 1-phenylbutene and 2% to n-butylbenzene. 
The adducts were 4- and 1-phenylbutylsilanes in a ratio of 2.25/1. The 
influence of structures and ratios of reagents was studied further (see 
Table VII). MeF 2 SiH was bubbled into styrene at 50 o -90°C until 58% of 
the styrene had reacted to form 2-phenylethyl and 1-phenylethyldifluo- 
romethylsilanes in a ratio of 37/63, indicating that MeF 2 SiH tends to 
make much more 1-phenylethyl product than does any of the chlorosi- 
lanes. Excess olefins in the examples of Table VII were recovered almost 
exclusively as tra/u-l-phenylalkene. 

TABLE VI 

Addition to 1-Phenylalkenes 

=SiH + PhCH=CH(CH 2 )„H——=Si(CH 2 )„ +2 Ph + 

(A) 


=SiCHPh(CHj)„CHj 

(B) 


Olefin 

Silane 

Olefin/silane 

(lOO'-C) 

A/B 

1 

MeCl 2 SiH 

.8 

1 

49/51 

2 

Me 2 Cl SiH 

1.5 

2 

43/57 

2 

MeCljSiH 

1.4 

2 

39/61 

2 

Cl s SiH 

1.4 

2 

23/77 

4 

Me,Cl SiH 

1.0 

66 

37/63 

4 

MeCljSiH 

1.0 

21 

32/68 

4 

CljSiH 

1.0 

24 

10/90 
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TABLE VII 

Addition to w-Alkenylbenzenes 

=SiH + Ph(CH 2 )„CH=CH 2 "" F< > ==Si(CH 2 ) n+2 Ph + 
(A) 


^SiCHPh(CH 2 )„CH 3 

(B) 


Olefin/SiH 


A/B 


With n = 0 ‘ 

Me 2 ClSiH 

MeCl 2 SiH 

Cl 3 SiH 

36 


65/35 


1.8 

84/16 

61/39 

63/37 

1.0 

85/15 

69/31 

57/43 

0.45 

86/14 

67/33 

57/43 

0.23 


61/39 


With n = 1 




1.6 

100/0 

100/0 

78/22 

0.4 

95/5 

89/11 

67/33 

With n = 2 




1.4 

100/0 

100/0 

82/18 

0.35 

98/2 

91/9 

70/30 


A series of compounds, Y x Me 3 _ x SiH, was used to study the influence 
of X and Y on the ratio of the 1- and 2-phenylethyl silanes. The results 
are in Table VIII (2h). Substituents on the aromatic ring also influence 
the distribution of adducts. [See Table IX (2h)] 

Only one example was found in which a silicon compound with the 
structure =SiH 2 was added to internal olefins with a homogeneous cat¬ 
alyst, and it gave surprising results (46). Dichlorosilane was added to 2- 


TABLE VIII 

Y J Me 3 - x SiH + PhCH=CH 2 -» 

Y I Me 3 - x SiCH 2 CH 2 Ph + Y x Me 3 _ x SiCHPhCH 3 
(A) (B) 


X Y = Cl Y = —OSiMe 3 Y = F 


0 95 95 95 

1 85 75 47 

2 68 85 39 

3 60 95 
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TABLE IX 


==SiH + RCH=CH 2 =SiCH 2 CH 2 R + =SiCHRCH 3 

(A) (B) 


R 

Mol% A 

With MeCLSiH 

With CI 3 SiH 

C„H — 

69 

57 

2-ClC 8 H — 


96 

4-ClC 6 H — 


68 

4-BrC 6 H 4 — 

72 

68 

C b F — 

100 

100 

2.4./5-CI 3 C 6 H 2 — 

100 

100 

2,6-Me 2 C„H 3 — 

100 

100 

4-MeC c H 4 — 

64 

100 


butene, 2-pentene, 2-hexene, 3-hexene, and 2-heptene with chloroplatinic 
acid at temperatures of 72°-150°C. The additions were very slow relative 
to those with Cl 3 SiH, for example, but they gave secondary alkylsilanes 
in excellent yields, which was unexpected. 2-Hexene reacting for 8 hours 
at 140°C, gave in 89% yield a mixture of 66% 2-hexyl- and 34% 3-hex- 
yldichlorosilane. 3-Hexene, after 8 hours at 150°C, gave a 56% yield of 
3-hexyldichlorosilane. 2-Pentene, reacting for 8 hours at 130°C, gave in 
92% yield a mixture of 69% 2-pentyl- and 31% 3-pentyldichlorosilane. 2- 
Butene is said to have given a small amount of «-butyldichlorosilane if 
it was used “at lower temperatures." 

These unusual results suggest that dichlorosilane may have added to 
these alkenes by a thermal or free-radical mechanism, and that the ad¬ 
dition was not catalyzed by chloroplatinic acid in the usual way. No 
experiment in which these reagents were heated in the absence of plati¬ 
num was described. .vym-Tetramethyldisiloxane added to 3-heptene at 
reflux with chloroplatinic acid in mole ratios of 1/2.1/10" 5 at reflux for 48 
hours to give an excellent yield of a mixture of 1,3-diheptyltetramethyl- 
disiloxanes. The heptyl substituents were mostly n-heptyl, but they in¬ 
cluded a considerable amount of 3- and 4-heptyl as well. No 2-heptyl 
substituents were detected (2a). 

svw-Tetramethyldisiloxane and 1-hexene gave almost exclusively di-/;- 
hexyltetramethyldisiloxane, but 2-hexene and 3-hexene gave mixtures 
containing 2- and 3-hexyl substituents. These experiments, carried out in 
sealed tubes at 100°C for 2 weeks or longer, showed that all the olefins 
isomerized and gave 1-, 2-, and 3-alkyl derivatives in the following re- 
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spective percent yields: 3-hexene, 76, 10, 14; 2-hexene, 88, 7, 5; 1-hexene, 
99, trace. 

Andrianov et al. {47) studied the addition of a series of disilazanes, 
(HSiMe 2 ) 2 NR (R = H, Et, i-Bu, Ph, PhCH 2 ,p-N0 2 C 6 H 4 ), to allyldiethyl- 
amine in anisole at concentrations of silazane, 1 mole/liter; amine, 2 
moles/liter; and H 2 PtCl 8 -6H 2 0, 1 x 10~ 4 moles/liter. They measured the 
rate of disappearance of SiH at 45° and at 57°C. 

When R = H, an induction period of about 1 hour was observed, after 
which addition went slowly to at least 90% completion in 8 hours at 45°C. 
When R = Ph or i-Bu the addition went at nearly the same rate but 
stopped at 50% conversion at 45°C. With no solvent, with R = Ph, the 
reaction was rapid at room temperature and the mixture grew warm in 
a few minutes. The product was almost exclusively HMe 2 SiNPhSiMe- 
(CH 2 ) 3 NEt 2 , even if 100% excess allyldiethylamine was present. With R 
= PhCH 2 , they were unable to get hydrosilation at 80°C. 

With (HMe 2 Si) 2 NH and excess allyltrimethylsilane, 20 hours at 80°C 
brought hydrosilation to completion to make principally HN[Me 2 Si- 
(CH 2 ) 3 SiMe 3 ] 2 . Under the same conditions the N—Ph disilazane and 
allylaminotrimethylsilane went 48% to completion. After 20 hours at 
160°C, all Si—H had disappeared and PhN[Me 2 Si(CH 2 ) 3 SiMe 3 ] 2 formed 
(47). 

The addition of a series of aminosilanes to 1-hexene, 1-pentene, and 2- 
pentene and to allylaminosilanes was studied (2j). 1-Alkenes gave «-alkyl 
derivatives. The additions were characteristically slow at 100°C. A typical 
result with 1-hexene and anilinodimethylsilane (reaction for 24 hours at 
100°C) was 96% yield of anilino-n-hexyldimethylsilane. Me 2 NMe 2 SiH, 
Et 2 NMe 2 SiH, and «-Bu 2 NMe 2 SiH reacted less than 10% under the same 
conditions; (Me 2 N) 3 SiH did not react at all. 

sym-Tetramethyldisilazane and 2-pentene in a mole ratio 1/2, reacting 
for 40 hours at 100°C, gave a nearly quantitative yield of monopentyl 
adduct. After 48 hours at 110°C they formed products which were 68% 
monopentyl and 15.6% dipentyl adducts. These adducts contained 2- 
pentyl as well as «-pentyl products. 

Tris-dimethylsilylamine (HSiMe 2 ) 3 N and 1-hexene (2/) at 115°C for 72 
hours gave a complex mixture. The principal product was (HexMe 2 Si) 2 
NSiMe 2 H, with some (HexMe 2 Si) 2 NSiMe 3 , signifying an unexpected re¬ 
distribution of methyl groups on silicon. Some of this mixture was con¬ 
verted to ethoxy silanes by boiling ethanol. The derivatives included 
HexMe 2 SiOEt and Me 3 SiOEt as well as HexMeSi(OEt) 2 and Hex 2 
MeSiOEt. These products probably arose from a redistribution reaction, 
such as 

2=N—SiMe z H =N—SiMeH + =N—SiMe 3 (49) 
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Studies to compare effects of soluble transition metal catalysts on the 
structure of products obtained from two siloxanes (12b), (Me 3 SiO) 2 MeSiH 
and (Me 3 SiO) 2 MeSiCH=CH 2 , proved this to be a surprisingly complex 
system. The products depend on the catalyst, but they can be explained 


as the result of four kinds of reactions: 

(a) Me 3 SiO—/Me exchange: 

2(Me 3 SiO) 2 MeSiH ^ Me 3 SiOSiMe 2 H + (Me 3 SiO) 3 SiH (50) 

(b) Vinyl/H exchange: 

=SiH + =Si*CH=CH 2 =5iCH=CH + =Si*H (51) 

(c) Hydrosilation: 

=SiH + =SiCH=CH 2 — ^iCH 2 CH 2 Si= (5 2) 

(d) Dehydrogenative double hydrosilation: 

=SiH + 2H 2 C=CHSi= — =SiCH=CHSi= + =SiCH 2 CH 3 (53) 


No evidence of a redistribution of Me and H groups [Eq. (50)], was 
